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ABSTRACT 


This  report  finalizes  the  research  conducted  on  the  regenerator  section  of 
Contract  DA  44-177-Ay  ’’  73''T)  —  Advancement  of  Small  Gas  Turbine 

Engine  Component  Technology.  The  program  was  authorized  by  Task  No. 
IMi21401Di4413.  Work  conducted  by  The  Boeing  Company  under  this  task 
also  included  research  on  high -temperature  turbine  materials  and  high- 
pressure -ratio  centrifugal  compressors. 

The  regenerator  program  covered  by  this  report  was  started  in  May,  1964, 
and  included  (a)  analytical  studies  of  the  heat  transfer  and  pressure  drop 
characteristics  associated  with  small  diameter,  thin-walled  tubos, 

(b)  design  of  full-size  modules  for  regenerators,  and  (c)  development  of 
these  modules  by  testing. 
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SUMMARY 


The  gas  turbine  engine  industry  has  long  recognized  the  need  for  reducing 
engine  fuel  consumption  and  has  considered  regeneration  to  be  one  of  the 
most  promising  solutions.  Basically,  the  regenerated  engine  system  uses 
a  heat  exchanger  to  recover  much  of  the  energy  in  the  form  of  heat  nor¬ 
mally  lost  in  the  exiiaust  gases.  The  heat  is  transferred  to  compressor 
discharge  air,  vhereby  reducing  the  amount  of  fuel  required  by  the 
combustc  r  to  ra^se  gas  temperatures  to  required  levels. 

A  major  consideration  in  the  design  of  a  successful  regenerated  engine  is 
one  of  providiCig  a  regenerator  of  sufficiently  si.  ill  size,  low  weight,  and 
low  cost  to  be  attractive  to  the  user.  Accordingly,  the  purpose  of  this 
program  har,  been  to  develop  a  lightweight,  compact  heat  exchanger  unit 
of  reasonable  cost  for  gas  turbine  engines.  In  keeping  v/ith  parallel 
advances  anticipated  in  other  fields  of  gas  turbine  component  research, 
the  design  conditions  selected  for  the  regenerator  were  based  on  a  turbine 
■nlet  temperature  of  2300°F  and  a  compressor  pressure  ratio  of  10:1. 
Specific  targets  were  established  by  Boeing  as  follows: 


Effectiveness 

Total  Pressure  Drop 

Core  Specific  Volume 

Core  Specific  Weight 

Maxir'.am  Working  Pressure 

Maximum  Temperature  During 
Transient 

Maximum  Steady -State  Working 
Temperature 

Specific  Regenerator  Weight 
(cores  plus  manifolds,  ducts, 
and  structure) 

Leakage 

Con. pact  Type  Surface 


70  Pet 
6  Pet 

0.  2  FtVLb  Airflow  Sec 
10  Lb/ Lb  Airflow/Sec 
150  Psia 
1800"F 

1350"F 

20  Lb/Lb  Airflow/Sec 

0  Pet 
420 
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To  meet  these  conditions  and  targets,  it  was  proposed  that  the  core  design 
incorporate  small -diameter  (0.  06C-incii).  thin-walled  tuning  with  ends 
expanded  into  a  rectangular  shape.  The  concept  is  based  on  stacking  the 
tubes  in  such  a  manner  that  the  formed  ends  would  produce  the  proper 
alignment  and  spacinf^  without  requiring  a  perforated  lu  ader  sheet.  The 
ends  then  could  be  brazed  at  the  face  to  form  a  continuous  leakproof  joint. 
The  core  was  divided  into  a  number  of  small  units  or  modules  to  allow  for 
thermal  growth,  to  facilitate  manufacture,  and  to  provide  ease  of  handling. 
Analytical  studies  showed  that  the  concent  had  the  potential  for  achieving 
half  the  weight  and  volume  of  other  designs  avaiiao'e  at  tiic  outset  of  the 
program.  These  advantages  made  the  de.sign  prtrticulai  i\  suited  to  air¬ 
craft  applications,  and  it  was  with  this  in  mind  that  woik  on  the  rt.-a  arcii 
program  began  in  May  1964,  For  the  cycle  conditions  under  ■•onsideraticn, 
a  configuration  was  designed  that  would  reduce  fuel  consumption  by  20  to 
25  percent  when  compared  with  a  simple  cycle. 

In  a  complete  regenerator  assembly,  the  modules  were  arranged  in  a 
two-pass,  cross -counterflow  design.  Fach  module  was  supported 
independently  by  a  flexible  suspension  to  accom. .update  thermal  growth 
of  the  core  and  to  minimize  forces  .issociated  with  unequal  thermal 
expansion  between  the  manifolds  and  the  core.  To  provide  the  necessary 
heat  transfer  surface  in  compact,  lightweight  units,  tubes  of  0.  OGO-inch 
outside  diameter  with  0.003-inch  walls  were  sek  ted.  The  tubes  were 
designed  with  expanded  end.s  lo  elimiinte  tiie  header  sheets  found  in 
con\entional  heat  exchangers:  therefore,  it  was  expected  that  tnis  design 
would  lend  itself  to  economical  m  iss  production.  In  the  core  arrange¬ 
ment.  hot  gas  flowed  through  tul  es  with  cooler  air  outside;  this  resulted 
in  a  design  \vilii  the  least  fouling  tendency,  the  easiest  cleaning  charucier- 
istics,  and  ’.he  lowest  tube  wall  temperatures. 

Under  the  ‘■elected  condiiions  described  alxive.  analytical  studies  of  tube 
suifac.'Ts  and  shai>es  were  conducted  to  cstablisli  de.sign  details  for  full- 
size  modules  to  bo  tested.  TuiX's  of  various  shapes  and  surface  roughness 
were  icbricaled  a. id  subjected  to  laboratoiy  tests  tii  determine  heat 
transfer  versus  pressure  loss  characteristics.  From  the.->e  studies,  it 
was  determined  that  the  best  balance  of  |H‘rformarice  parameters  was 
achieved  viin  tubes  of  either  straight  or  wavy  form.  .Vith  this  knowledge, 
modules  were  designed,  and  two  with  straight  tulxos  and  one  with  wavy 
iulx‘S  were  fabricated  for  test.  .-Ml  were  made  from  .-MSI  type  347 
sta’!;!r  .-,s  steel,  with  a  palladium -silver  brazing  alloy.  Manufacturing 
udiici.ities  ‘  aused  some  early  delays  in  the  program;  however,  these 
peolilems  were  sob  ed  witi  the  issistanct*  of  e.xperimental  .issembly  and 
biazmg  -pecirdists. 


2 

FOR  OFFICIAL  USE  ONLY 


FOR  OFFICIAL  USE  ONLY 


Testing  was  conducted  in  four  areas  of  investigation:  performance, 
fouling,  vibration,  a  id  structural  behavior  (thermal  shock). 

Test  data  of  the  straight  tube  module,  extrapolated  to  2300°F  TIT,  10:1  PR 
engine  conditions  and  a  two -pass  arrangement,  showed  that  a  70 -percent 
effectiveness  and  a  6-percent  pressure  drop  could  be  achieved  with  a  core 
volume  of  0.  21  cubic  foot  per  pound  of  airflow  per  second.  At  the  same 
conditions,  wavy  tubes  showed  this  performance  with  a  core  volume  of 
0. 19  cubic  foot  per  pound  of  airflow  per  second. 

Vibration  tests  showed  that  no  problems  existed  in  the  tube  bundle;  how¬ 
ever,  failure  occurred  1.1  the  flexible  suspension  during  runs  at  the 
resonant  frequency  of  the  module  suspension  system.  A  modification  of 
the  suspension,  consisting  of  enlarging  the  cross  section  at  the  corner  of 
the  module,  overcame  this  problem. 

In  other  tests,  fouling  did  not  occur  at  conditions  corresponding  to  full¬ 
load  engine  operation.  At  50-percent  power  fouling  occurred  but  after  a 
few  hours  tended  to  stabilize  at  a  tolerable  level.  At  idle,  fouling 
increased  with  time,  such  that  it  would  handicap  the  operation  of  an 
engine.  When  full -load  power  conditions  were  resumed  on  a  fouled 
module,  deposits  were  rapidly  cleaned  off  by  vaporizing  the  condensibles 
with  increased  gas  stream  temperatures,  showing  that  a  fouled  regenera¬ 
tor  need  not  be  dismantled  for  cleaning. 

During  investigation  of  general  structural  behavior  by  thermal  shock 
testing,  cracks  developed  in  the  tube  wall  near  the  brazed  end  of  the  first 
straight -tube  mouule.  At  first  these  cracks  were  attributed  to  locally  high 
thermal  stresses  caused  by  new  and  imperfect  brazing  techniques  in 
which  a  slight  excess  of  brazing  alloy  resulted  in  larger  than  desired 
fillets  at  the  tube  joints.  Although  there  was  some  evidence  of  inter¬ 
granular  oxidation  and  corrosion,  it  did  not  appear  to  be  sufficient  to 
cause  the  initially  observed  failures.  The  wavy -tube  module,  fabricated 
with  refined  brazing  techniques,  showed  no  evidence  of  similar  lailures 
during  a  comparable  test  period  of  about  50  hours;  this  indicated  that 
thermal  stress  was  within  safe  operating  limits  for  the  material.  After 
an  additional  45  hours  of  testing,  tube  failures  in  the  form  of  crosswise 
cracks  near  the  tube  ends  became  apparent.  Metallurgical  examination 
showed  that  the  material  had  suffered  severe  intergranular  oxidation. 
Further  studies  indicated  that  chromium -carbide  precipitation,  sulfida¬ 
tion,  and  a  high  stress  level  may  have  been  contributing  ^actors. 

Continued  material  tests  under  supplementary  company -sponsored 
research  indicated  that  higher  temperature  resistant  materials,  such  as 
Hastelloy  X,  should  be  used  in  future  designs. 
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With  the  exception  of  the  need  for  a  higher  temperature  resistant  material, 
it  was  demonstrated  that  the  design  targets,  in  terms  jf  performance, 
size,  weight,  and  structural  requirements,  could  be  met. 

The  results  of  this  research  program  showed  the  following; 

a)  Performance 


Target 

Straight  Tubes 
Wavy  Tubes 


Effectiveness 

70  Pet 
70  Pet 
70  Pet 


Total 

Pressure  Drop 

6  Pet 
6  Pet 
6  Pet 


b)  Size 


Target 

Straight  Tubes 
Wavy  Tubes 


Volume 

0.  2  Ft^/Lb/Sec 
0.21  Ft3/Lb/Sec 
0. 19  Ft3/Lb/Sec 


No -Flow  Length 

20  In.  /  Lb/Sec 
23  In.  /Lb/Sec 


c)  Core  Weight 


Target 

Straight  Tubes 
Wavy  Tubes 


10  Lb/Lb/Sec 
11.3  Lt/ Lb/Sec 
10.  2  Lb/Lb/Sec 


The  most  difficult  aspect  of  the  research  proved  to  be  in  finding  suitable 
methods  for  mass  producing  the  modules.  SpecLUcally,  the  raw  tubing 
was  identilied  as  the  item  with  inherently  high  costs.  Despite  extensive 
surveys  of  manufacturing  processes,  no  feasible  way  was  found  to  manu¬ 
facture  the  small-diameter  tubing  at  the  required  low  cost  level. 
Conclusions  on  the  inherent  cost  problem  were  reached  as  a  result  of 
studies  conducted  by  Superior  Tube  Company  and  others  in  cooperation 
with  Boeing. 
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INTRODUCTION 


Gas  turbine  engine  design  has  progressed  to  the  point  where  improve¬ 
ments  in  simple  cycle  performance  due  to  increased  component  efficien¬ 
cies  and  to  higher  turbine  inlet  temperatures  and  pressure  ratios  are 
difficult  to  achieve  and,  at  best,  are  modest  in  magnitude.  However,  the 
addition  of  a  regenerator,  a  heat  exchanger  which  recovers  energy  nor¬ 
mally  lost  in  the  exhaust  and  uses  it  to  preheat  air  between  the  com¬ 
pressor  and  burner,  can  produce  a  substantial  decrease  in  engine  fuel 
consumption.  The  schematic  flow  diagrams  for  a  regenerated  and  non¬ 
regenerated  engine  are  compared  in  Figure  1.  In  the  illustration,  the 
energy  flowing  in  each  stream  is  approximately  proportional  to  its  width. 
In  effect,  part  of  the  exhaust  gas  energy  stream  supplements  the  fuel 
energy  stream.  Figure  2  shows  how  regeneration  appears  on  a 
temperature -entropy  diagram.  If  a  regenerator  is  to  effect  a  fuel  saving, 
the  turbine  exhaust  temperature  (point  B)  must  be  higher  than  the  com¬ 
pressor  discharge  temperature  (point  A).  As  pressure  ratio  is  increased, 
the  points  approach  the  same  temperature  level.  Increasing  turbine  inlet 
temperature,  on  the  other  hand,  tends  to  move  point  B  higher  relative  to 
A.  Also,  it  can  be  concluded  that  there  is  a  best  design  pressure  ratio 
for  each  turbine  inlet  temperature  and  that  this  best  pressure  ratio 
increases  with  turbine  inlet  temperature. 

Figure  3  shows  an  example  of  the  improvement  in  specific  fuel  consump¬ 
tion  that  can  be  achieved  with  regeneration.  It  is  significant  that  at  the 
higher  turbine  inlet  temperatures,  the  addition  of  a  regenerator  to  a  cycle 
at  a  pressure  ratio  of  8  produces  a  more  substantial  improvement  in  fuel 
consumption  than  does  an  increase  in  the  pressure  ratio  from  8  to  10  in 
a  simple  cycle.  Also  apparent  is  the  greater  improvement  achievable  at 
the  higher  turbine  inlet  temperatures.  It  should  be  noted  that  although 
power  and  cycle  efficiency  improve  as  turbine  inlet  temperature  is 
increased,  the  best  specific  power  and  best  specific  fuel  consumption  do 
not  occur  at  the  same  design  cycle  conditions.  In  addition,  because  of  its 
associated  pressure  losses,  regeneration  will  produce  a  lower  specific 
power  than  a  simple  cycle,  all  other  parameters  being  held  equal. 

To  determine  the  best  balance  of  design  cycle  parameters  for  typical 
Army  aviation  applications,  several  prior  mission  studies  were  conducted. 
These  earlier  studies  were  based  on  a  high-temperature,  high-pressure- 
ratio,  nonregenerative  engine  cycle  with  a  design-point  specific  fuel 
consumption  of  0.  DO  pound  per  horsepower -hour.  To  this  cycle,  a  regen¬ 
eration  was  added.  The  weight  of  the  regenerated  engine  was  determined 
as  a  function  of  the  specific  fuel  consumption;  i.  e.  ,  low  fuel  consumption 
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ENERGY  BALANCE  SCHEMATIC 

SIMPLE  CYCL.E 


REGENERATED  CYCLE 


Figure  1.  Energy  Flows  in  Gas  Turbines. 
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Compressor 

"c  - 

0.80 

Regenerator: 

Gas  Producer  Turbine 

’’tt  “ 

0.  H() 

Effectiveness 

€  -  0. 75 

Power  Turbine 

tJts  - 

0.  83 

Pressure  Drop 

AP/P  -  0.00 

Burner  Loss 

(AP/P)b 

0.05 

Figure  3.  Specific  fuel  Consumption,  Simple 
Cycle  Versus  Regenerated  Cycle. 
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leads  to  a  large  and  heavy  regenerator.  This  weight -to-effectiveness 
relationship  was  of  prime  importance  and  led  to  the  advanced  tubular -core 
construction. 

The  advantages  of  regeneration  for  aircraft  missions  can  be  demonstrated 
by  considering  the  logistics  aspects  shown  in  Figure  4.  Here  the  payload 
in  ton-miles  carried  per  pound  of  fuel  is  compared  for  the  regenerated 
and  the  nonregenerated  engine.  As  can  be  seen,  even  for  short  missions 
the  improvement  obtained  by  regeneration  is  substantial.  The  optimum 
fuel  consumption  for  this  case  would  be  0,  36  pound  per  horsepower -hour. 
From  continued  analyses  of  performance  projections  and  considerations 
of  economics,  manufacturing  and  the  various  types  of  possible  missions, 
a  design  point  specific  fuel  consumption  of  0.  38  was  selected. 

The  selection  of  turbine  inlet  temperature  and  compressor  pressure  ratio 
to  obtain  the  desired  specific  fuel  consumption  of  0,  38  pound  per  brake 
horsepower -hour  was  made  from  detailed  cycle  analyses.  Figure  5 
depicts  the  parametric  curves  obtained  from  these  studies.  It  is  apparent 
that  optimum  specific  power  and  minimum  specific  fuel  consumption 
occur  at  different  conditions.  In  addition,  the  desired  0.  38  pound  per 
brake  horsepower -hour  specific  fuel  consumption  can  be  achieved  with  a 
range  of  combinations  of  pressure  ratios  and  turbine  inlet  temperatures. 
To  assist  in  the  selection,  the  optima  of  specific  power  and  specific  fuel 
consumption  were  plotted  in  Figure  6.  The  maximum  turbine  inlet 
temperature  was  dictated  by  potential  improvements  in  materials  and  was 
selected  as  2300°F.  The  optimum  pressure  ratio  then  was  determined 
from  Figure  6.  For  maximum  specific  power,  the  optimum  pressure 
ratio  is  10:1,  for  minimum  specific  fuel  consumption,  it  is  7.8:1.  A 
design-point  pressure  ratio  of  10:1  was  selected  for  the  following  reasons: 

•  Maximum  specific  power  is  desired  because  it  results  in  the  smallest, 
lightest  engine. 

•  At  part  power  the  pressure  ratio  of  a  gas  turbine  engine  characteris¬ 
tically  decreases,  and  the  operating  pioint  thus  shifts  towards  the 
minimum  specific  fuel  consumption  condition,  resulting  in  improved 
part -power  specific  fuel  consumption. 

Although  the  pressure  ratio  chosen  was  slightly  higher  than  optimum  for 
the  best  specific  fuel  consumption,  it  can  be  seen  from  Figure  5  that  the 
minima  of  the  curves  are  very  flat.  The  exact  difference  can  be  deter¬ 
mined  from  Figure  7,  v. hich  plots  the  percentage  increase  in  specific  fuel 
consumption  for  pressure  ratios  higher  than  optimum  at  a  number  of  tur¬ 
bine  inlet  temperatures.  At  the  selected  turbine  inlet  temperature  of 
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Figure  4.  Increase  in  Payload  With  Regeneration, 
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Fitjure  5.  Effect  of  Gas  Temperature  on  Regenerative  Engine  Cycle  Performance. 


SPECIFIC  FUEL  CONSUMPTION  (Lb/Bhp-Hr) 
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Figure  6.  Ultimate  Specific  Fuel  Consumption  Perfornjance. 
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SPECIFIC  FUEL  CONSUMPTION'  INCREASE  OVER  MINIMUM  (Pet) 


FOR  OFFICIAL  USE  ONLY 


01234567 


PRESSURE  lU  no  INCREASE  OVER  OPTIMUM 


Figure  7,  Specific  Fuel  Consumption  Increase  for 
Off -Optimum  Compression  Ratio. 
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2300  F,  the  difference  is  small  and  in  the  order  of  1.  5  percent  of  the 
minimum,  or  approximately  0.  006  pound  per  brake  horsepower -hour. 
■ressTue  rti'io  deviations  have  a  much  more  pronounced  effect  ?t  lower 
turbine  inlet  temperatures. 

To  obtain  a  0.  38  pound  per  brake  horsepower-hour  specific  fuel  con¬ 
sumption  with  a  turbine  inlet  temperature  of  2300''F  and  a  pressure  ratio 
of  1C:1,  a  regenerator  with  an  effectiveness  in  the  65-  to  73-percent  range 
and  a  pressure  drop  in  the  3-  to  10-percent  range  is  required,  as  illus¬ 
trated  in  Figure  8.  Low  pressure  drop  is  desirable  because  of  its 
influence  on  maximizing  specific  power  and  producing  the  smallest  and 
lightest  engine  and  regenerator.  On  the  other  hand,  compact,  lightweight 
regenerators  are  obtained  by  using  high-density  core  surfaces  with  small 
passage  sizes,  wiiich,  in  iurn,  tend  to  increase  pressure  drop.  By 
analyzing  surfaces  of  varying  compactness,  the  final  selection  of  a  regen¬ 
erator  with  70-percent  effectiveness  and  6-percent  total  pressure  drop 
was  made,  representing  a  desirable  balance  of  size,  weight,  and 
performance. 

Two  types  of  core  construction  were  evaluated  in  more  detail  in  prelim¬ 
inary  analyses:  tubular  types  and  plate-fin  types.  It  was  found  that  while 
l-iatc-fin  type  cores  could  readily  meet  the  performance  goals,  they  did 
not  show  the  desired  low  weight,  a  very  essential  requirement  in  Army 
aviation  applications.  Figure  9  shows  the  weight-volume-performance 
relationships  of  state-of-the-art  plate-fin  matrices.  The  high  weigfit  is 
the  result  of  the  fins,  which  are  secondary  heat  transfer  surfaces.  They 
add  their  full  share  of  weight  but  have  a  reduced  heat  tran.sfer  effective¬ 
ness  because  of  the  long  conduction  paths  along  the  fins.  This  considera¬ 
tion  led  to  the  conclusion  that  the  w’ay  to  a  compact,  lightweight  regenera¬ 
tor  was  the  use  of  a  core  with  all  primary  heat  transfer  surface. 

Such  a  core  construction  is  available  in  the  tubular  design  where  each 
wall  has  hot  gas  on  one  side  and  cold  air  on  the  other.  Conventional 
tubular  heat  exchangers  use  tubes  of  relatively  large  diameter  and 
correspondingly  heavy  walls.  A  study  of  compactness  versus  tube 
diameter  was  made  and  the  results  arc  siiown  in  Figure  IC.  There  is  a 
hyperbolic  dependency  of  the  area  density  (v-ompactness),  and  it  caii  be 
seen  that  substantial  gains  are  made  at  tube  diametei  s  below  0.  25  inch. 
The  constant,  C,  .shown  in  the  figure,  depends  on  tube  spacing  only.  The 
selection  of  the  exact  tube  diameter  below  0.25  inch  is  governed  by 
manufacturing  and  core  shape  considerations.  The  smaller  the  tube 
diameter,  the  sliorter  the  tubes  will  be  for  a  given  pressure  drop.  The 
effect  is  twofold:  First,  the  no-flow  length  luis  to  be  increased  to  main¬ 
tain  the  san'.c  frontal  area  and,  thus,  the  .same  pressure  drop  in  the  fluid 
flowing  across  the  tubes;  this  effect  is  shown  in  Figure  11.  Second,  the 
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SPECIFIC  FUEL  CONSUMPTION  (Lb/Bhp-Hr) 
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Figure  8.  Specific  Fuel  Consumption  and  Specific  Power 
as  Function  of  Regenerator  Performance. 
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EFFECTIVENESS  (Pet) 
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Figure  9.  Regenerator  Comparison. 
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EFFECT  OF  MINIATURIZATION 


2  2 
*^11.  FREE  FLOW  AREA  .  E  /  P  \  ,  .  ”D 

4  *4\2/^4 


Figure  10.  Core  Compactness  Versus  Tube  Diameter, 
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number  of  tubes  increases  inversely  proportional  to  the  tube  diameter, 
and  more  pieces  need  to  be  formed  and  assembled.  With  these  factors 
being  taken  into  consideration,  a  tube  diameter  of  0.  060  inch  was  selected 
for  the  research  program;  it  was  reasoned  that  this  size  would  lead  to  the 
necessary  evaluation  of  the  concept  from  a  performance  and  manufactur¬ 
ing  viewpoint. 

State-of-the-art  tubular  regenerators  are  customarily  built  by  inserting 
and  brazing  the  individual  tubes  into  drilled  header  sheets.  This  method 
of  assembly  becomes  impractical  with  the  large  number  of  small  tubes 
resulting  from  the  compactness  requirement.  The  difficulty  is  overcome 
by  the  Boeing-developed  concept  where  the  tube  ends  are  expanded  into  a 
rectangular  or  hexagonal  shape,  these  ends  being  brazed  to  form  an 
integral  header  after  assembly.  This  concept  holds  the  promise  for  fully 
automated  manufacturing,  which  would  enhance  the  economic  advantage 
of  the  regenerated  engine.  The  application  of  the  concept  is  illustrated  in 
Figure  12.  Sut-dividing  the  core  into  individual  cores  or  modules  facili¬ 
tates  the  handling  of  thermal  stresses,  provides  flexibility  in  design,  and 
allows  the  individual  replacement  of  damaged  cores. 


Figure  12.  Boeing  Small -Diameter  Tubular 
Regenerator  Concept, 
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The  design  goals  developed  from  the  study  of  all  the  aspects  presented 
above  are  detailed  below; 


Engine  Application:  2300° F  turbine  inlet  temperature 

10:1  pressure  ratio 


Regenerator:  Tubular  core 

Tube  diameter 
Area  density 


0.  060  In. 
420  Ft2/Ft3 


Effectiveness 
Total  pressure  drop 
Core  specific  volume 

Core  specific  weight 


70  Pet 
6  Pet 

0.2  FtVLb 
Airflow/Sec 
10  Lb/Lb  Airflow/ 
Sec 


Maximum  working  pressure  (air)  150  Psia 
Maximum  temperature  during  1800°  F 

transients 

Maximum  steady-state  gas  1350°F 

temperature 


Specific  regenerator  weight  20  Lb/Lb  Airflow/ 

(including  core,  manifolds,  Sec 

ducts  and  structure) 


Leakage 


0  Pet 
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ANALYTICAL  STUDIES 


This  portion  of  the  program  included  the  mathematical  investigations 
necessary  to  support  the  design.  Analytical  work  was  aimed  at  defining 
a  regenerator  that  would  be  compatible  with  a  gas  turbine  engine  having  a. 
2300°  F  turbine  inlet  temperature  and  a  10:1  compressor  pressure  ratio. 
The  characteristics  of  the  engine  cycle  used  as  a  model  are  shown  in 
Table  I. 


TABLE  I 

ENGINE  CHARACTERISTICS 


Turbine  Inlet  Temperature,  TIT 

2300“ F 

Compressor  Pressure  Ratio,  PR 

10:1 

Compressor  Discharge  Pressure 

147  Psia 

Compressor  Discharge  Temperature 

650“  F 

Turbine  Discharge  Temperature 

1316*F 

Regenerator  Gas  Side  Discharge  Pressure 

14.  7  Psia 

Compressor  Efficiency, 

80  Pet 

Gas  Producer  Tirbine  Efficiency,  (total-to-total) 

86  Pet 

Power  Turbine  EUiciency,  rjpj  (total-to-static) 

83  Pet 

Burner  Efficiency, 

98  Pet 
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The  analytical  studies  included  the  following: 

•  Effects  of  regeneration  on  engine  performance 

•  Regenerator  performance 

•  Stress  studies 

EFFECTS  OF  REGENERATION  ON  ENGINE  PERFORMANCE 


When  a  fixed-matrix  regenerator  is  installed  on  a  gas  turbine  engine, 
there  are  two  parameters  which  affect  the  engine’s  performance.  These 
are  the  effectiveness,  e,  and  the  total  pressure  drop,  dP/P. 

The  effectiveness  is  defined  as: 

^  _  T  air  out  -  T  air  in 
T  gas  in  -  T  air  in 

It  essentially  represents  the  ratio  of  the  actual  heat  transferred  to  the 
maximum  possible  heat  which  could  be  transferred  in  a  true  counterflow 
heat  exchanger  of  infinite  size. 

For  practical  purposes,  when  the  pressure  drops  of  the  fluids  on  the  air 
and  gas  sides  of  a  heat  exchanger  are  expre.ssed  as  percentages. 

(dP/Pj)y!^  and  (dP/Pi)G.  a  1-percent  air  side  pressure  drop  has  the  same 
effect  on  the  thermodynamic  cycle  as  a  1-percent  gas  side  pressure  drop. 

In  this  regard,  the  split  between  the  two  pressure  drops  is  not  important. 
As  a  result,  analyses  in  this  section  are  given  in  terms  of  lOtal  pressure 
drop  when  effects  of  regeneration  on  engine  performance  are  being  studied. 

In  prior  studies,  Boeing  prepared  a  cycle  analysis  computer  program  to 
evaluate  the  performance  of  regenerated  versus  simple -cycle  engines 
using  various  component  efficiencies,  pressure  ratios,  and  turbine  inlet 
temperatures  for  values  of  regenerator  effectiveness  and  total  pressure 
drop.  Results  of  this  study,  in  percent  reduction  in  specific  fuel  consump¬ 
tion  (dsfc)  versus  regenerator  effectiveness  for  various  total  pressure 
drops,  are  presented  in  Figures  13  through  21  for  engines  with  various 
turbine  inlet  temperatures  and  compressor  pressure  ratios.  Figure  22 
presents  the  percent  loss  in  shaft  horsepower  versus  regenerator  pres¬ 
sure  drop  for  each  of  these  cycles.  Of  particular  interest  to  this  program 
are  the  curves  for  an  engine  cycle  of  2300 '"F  TIT  and  10:1  pressure  ratio, 
which  is  the  model  cycle  for  this  study,  and  the  1800’ F.  6:1  cycle,  which 
corresponds  to  the  current  level  of  technology  for  small  gas  turbine 
engines. 
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Figure  13.  Fuel  Flow  Charge  by  Adding  Regenerator 
to  Basic  Gas  Turbine  Engine. 
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Figure  17.  Fuel  Flow  Change  by  Adding  Regenerator 
to  Basic  Gas  Turbine  Engine. 
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Figure  18.  Fuel  Flow  Change  by  Adding  Regenerator 
to  Basic  Gas  Turbine  Engine. 
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Figure  2?.  Engine  Power  Loss  Versus  Regenerator 
Pressure  Drop. 
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REGENERATOR  PERFORMANCE 


Selection  of  Optimum  Core  Geometry 

Optimum  geometry,  from  the  standpoint  of  performance,  is  that  geometry 
which  achieves  a  detared  engine  specific  luel  consumption  with  a  minimum 
of  heat  exchanger  volume,  weight,  and  total  pressure  drop.  An  optimum 
cross-fiow,  fixed-matrix  regenerator  has  minimum  volume  and  minimum 
total  pressure  drop  with  the  same  geometry.  For  studying  the  relation - 
snips  between  geometric  and  performance  parameters,  a  digital  computer 
program  was  prepared,  making  it  possible  to  predict  the  optimum  core 
diriensions  of  tubular  regenerators.  For  a  fixed  core  design  (tube  diam¬ 
eter,  spacing,  etc. )  and  fixed  fluid  condit.  ns,  this  program  predicts 
regenerator  effectiveness,  total  pressure  drop  and  optimum  air  and  gas 
liow  lengths  as  functions  of  specific  no-flow  length.  With  the  program, 
a  map  of  regenerator  performance  was  generated.  This  map,  shown  in 
Figure  23,  indicates  that  the  design  goals  of  70-percent  effectiveness  and 
6-percent  pressure  drop  can  be  achieved  with  a  two-pass,  cross¬ 
counterflow  core  having  a  21.  5-inch  specific  no-flow  length,  4.  2-inch 
airflow  length  and  a  1.  5 -inch  gas-flow  length.  To  determine  the  neces¬ 
sary  tube  length,  0, 15  inch  should  be  added  to  the  1.  50-inch  gas -flow 
dimension  to  account  for  the  expanded  ends  (as  should  be  done  to  all  gas  - 
flow  lengths  presented).  The  resulting  volume  of  this  regenerator  is 
0. 175  cubic  foot  per  pound  per  second  of  airflow.  It  should  be  noted  that 
the  optimization  presented  by  Figure  23  gives  the  minimum  no -flow  length 
for  a  70-percent  effectiveness  and  a  6-percent  pressure  drop.  Use  of 
larger  diameter  tubes  will  shorten  the  no -flow  length;  however,  the  core 
volume  and  weight  will  increase,  as  shown  in  Figure  24.  A  single-pass 
arrangement  with  0.  060 -inch -diameter  tubes  would  enable  the  use  of  a 
much  shorter  no -flow  length;  however,  the  volume  would  be  substantially 
larger  to  obtain  the  required  heat  transfer  surface,  and  the  thermal 
s.r  ses  would  be  much  higher  because  of  more  extreme  temperature 
gr  aients.  Another  way  to  reduce  the  specific  no -flow  length  and  still 
obtain  the  same  reduction  in  specific  fuel  consumption  is  to  use  a  regen¬ 
erator  with  a  higher  messure  drop  but  a  compensating  higher  effective¬ 
ness.  Figures  25  and  26  present  such  a  trade-off  for  tubes  with  0.  054- 
inch  inside  diameter  and  0, 003-  and  0.  005 -inch  wall  thicknesses, 
respectively.  On  both  figures,  the  reduction  in  engine  specific  fuel 
consumption  chosen  for  the  example  was  a  constant  22,  5  percent.  Figure 
24  shows  that  with  straight  tubes,  this  reduction  in  specific  fuel  consump¬ 
tion  can  be  obtained  at  a  69 -percent  effectiveness  and  a  6 -percent  pressure 
drop  with  a  21 -inch  no-flow  length.  Similarly,  other  points  which  can  be 
selected,  such  as  71 -percent  effectiveness  and  an  8 -percent  pressure 
drop  with  a  16-inch  no-flow  length,  also  reduce  sfc  22.  5  percent. 
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TOTAL.  PRESSURE  DROP  (Pet) 


FOR  OFFICIAL  USE  ONLY 


Ntu  = 


UA 


W,  c  . 
A  p  A 


1.5  1.62 


PR 

ITIT 


=  10:1 

TJ  =  HO 

Pet 

T 

A1 

=  352 'F 

D 

0  =  0.060  In, 

=  2300*F 

C 

^  r. 

r-T 

Pet 

Pai 

T 

=  147  Psla 

Sv  =  0.003  In, 

T-S 

Pet 

G1 

p 

=  1316'F 

^  =  1.5 

"5  =  9H 

Pet 

G2 

=  14.7  Psia 

=  1.0 

GAS  IN  TUBE 

EFFECTIVENESS 


Figure  23.  Regenerator  Performance  Map. 
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Figure  24,  Influence  of  Tube  Diameter  On  No-Flow  Length,  Core  Volume 
and  Weight  (Based  on  One  Lb/Sec  Airflow) 
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Figure  25.  Optimum  Regenerator  Designs 
For  Model  Engine  With  22.  5 
Percent  Reduction  of  Specific 
Fuel  Consumption. 
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SFECIFK'  NO-ri/)W  LENGTH  (In.  13  Sw) 


Figure  26.  Optimum  Regenerator  Designs 
For  Model  Engine  With  22,  5 
Percent  Reduction  of  Specific 
Fuel  Consumption. 
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Figure  27  presents  similar  results  predicted  for  a  Boeing  T50  engine  with 
a  25 -percent  reduction  in  specific  fuel  consumption.  The  straight  tube 
heat  transfer  and  pressur  f;  drop  data  used  for  all  these  curves  were  taken 
from  Reference  1,  pages  123  and  127.  Figures  25  and  26  include  the 
results  of  wavy -tube  core  element  tests,  which  are  described  later  in  this 
report. 

Part -Load  Performance 

As  the  pow(}r  output  of  a  gas  turbine  is  reduced,  the  changes  in  airflow 
rate,  cycle  temperatures,  and  pressures  affect  the  performance  of  the 
regenerator.  Table  II  shows  the  estimated  part -power  fluid  conditions  as 
determined  from  prior  routine  cycle  analyses  for  an  engine  designed  for 
2300°F  TIT  and  10:1  PR  at  full  power.  Based  on  these  air  and  gas  condi¬ 
tions,  the  part -load  performance  of  a  regenerator  with  a  full -power  effect¬ 
iveness  and  pressure  drop  of  70  percent  and  6  percent,  respectively,  was 
calculated  using  the  computer  program  mentioned  in  the  previous  section. 
These  results  are  presented  in  Figure  28. 


TABLE  II 

PART-LOAD  AIR  AND  GAS  CONDITIONS 
DESIGN  POINT  2300°  F,  10:1  PR 


Power 

Level 

Pet 

Compressor 

Discharge 

Pressure 

Psia 

Compressor 
Discharge 
Temperature 
•  F 

Exit 

Gas 

Pressure 

Psia 

Exit 

Gas 

Temperature 

°F 

Air¬ 

flow 

Pet 

100 

147 

652 

14.  7 

1316 

100.  0 

90 

139 

635 

14.  7 

1275 

96.5 

80 

132 

615 

14,7 

1235 

92.5 

70 

124 

595 

14.  7 

1185 

89.  0 

60 

116 

570 

14.  7 

1130 

84.  5 

50 

107 

545 

14.  7 

1070 

80.  0 

40 

97 

520 

14.  7 

1000 

75.  0 

30 

87 

485 

14.  7 

915 

70.0 

15  (idle) 

78 

415 

14.7 

750 

60.  7 
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Figure  27,  Optimum  Regenerator  Designs 
For  T50  Engine  With  25 
Percent  Reduction  of  S^iecific 
Fuel  Consumption. 
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RATIO  OF  PERCENT  PRESSTOE  DROP  AT  PART  POWER 
TO  PERCENT  DROP  AT  100  Pe  t  POWER 
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RATIO  OF  EFFECTIVENESS  AT  PART  POWER 
TO  EFFECTIVENESS  AT  100  Pet  POWER 
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Wrap-Around  Regenerators 


In  many  regenerator  designs,  it  is  desirable  to  package  the  regenerator 
cores  in  a  circular  or  wrap-around  arrangement.  Figure  29  shows  this 
type  of  regenerator  schematically,  and  Figure  30  shows  schematic  layouts 
of  two  wrap-around  regenerators  on  a  Boeing  T50  engine.  In  the  designs 
shown,  the  free -flow  area  of  the  air  stream  changes  radially  because  of 
the  wedge-shaped  section  of  the  flow  path.  A  computer  program,  which 
was  developed  to  evaluate  the  performance  of  this  type  of  design,  computes 
performance  by  dividing  the  heat  exchanger  core  into  many  small  segments 
and  by  calculating  the  changes  in  fluid  temperatures  and  pressures  as  the 
fluids  move  from  segment  to  segment.  Figure  31  shows  the  percentage 
increase  in  pressure  drop  of  a  wrap-around  core  as  the  inside  radius  is 
decreased.  As  can  be  seen,  at  an  inside  radius  of  5  inches,  the  pressure 
drop  has  increased  by  a  ratio  of  1.035:1  over  a  rectangular  core  (core 
with  an  infinite  inside  radius).  It  has  oeen  found  that  virtually  no  change 
in  the  effectiveness  is  seen  as  the  inside  radius  is  decreased.  On  this 
basis,  it  has  been  concluded  that  if  the  inside  radius  is  greater  than  5 
inches,  box -shaped  results  can  be  used,  provided  that  the  no-flow  length 
is  evaluated  as  the  average  of  the  inside  and  outside  circumference. 


AIH  IN 


GAS  OUT 


GAS  IN 


Figure  29.  Wrap-Around  Regenerator. 
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HEATED  AIR  INTO  BURNER  -  -  21.  5  In.  /Lb/Sec 
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rSO  Engine  With  Wrap-Around  Regenerators. 
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Temperature  Profiles  at  Retj,enerator  Faces 

Although  the  temperature  profiles  of  the  fluids  are  uniform  at  the  inlets 
of  a  cross-flow  heat  exchanger,  the  profiles  are  nonuniform  at  the  outlets 
due  to  the  nature  of  the  heat  exchange  behavior.  The  effectiveness  of  such 
heat  exchangers  has  reference  to  the  mixed  mean  inlet  and  outlet  fluid 
temperatures. 

The  computer  program  which  was  developed  to  calculate  the  performance 
of  wrap-around  regenerators  computes,  as  part  of  its  procedure,  the 
temperature  profiles  at  the  outlets  of  the  regenerator.  For  single -pass 
regenerators,  the  predictions  of  this  program  are  quite  accurate.  Figure 
32  shows  predicted  and  measured  temperature  profiles  for  a  single -pass 
cross-flow  regenerator  core  tested  in  the  thermal  shock  rig  (these  tests 
are  discussed  later). 

Figure  33  shows  predicted  temperature  profiles  for  a  cwo-pass,  cross 
counterflow  design.  For  two -pass  arrangements,  analytical  techniques 
assume  that  each  fluid  becomes  fully  mixed  between  passes  so  that  as 
each  fluid  enters  the  second  pass,  its  temperature  profile  is  uniform. 
Although  the  validity  of  this  assumption  at  first  may  appear  questionable, 
it  has  an  almost  insignificant  effect  on  calculated  performance  (effective¬ 
ness  and  pressure  drop).  It  can,  however,  affect  the  shape  of  ihe  temper¬ 
ature  profiles  shown  in  Figure  33. 

Interpass  Pressure  Loss 


In  most  two-pass,  cross-counterflow  regenerator  installations,  it  is 
necessary  that  one  of  the  inlerpass  connections  be  a  180  turn.  Normally, 
this  turn  is  taken  with  the  higher  density  H'v  at  low  velocity  head  to  mini¬ 
mize  pressure  losses.  As  part  of  this  program,  an  investigation  of  this 
loss  was  made,  and  based  on  studies  of  the  literature,  a  loss  of  three 
times  the  velocity  head  was  assumed  as  a  maximum.  To  confirm  this 
assumption,  a  full-size  turning  duct  was  built  and  flow  tested.  The 
results  of  the  test  are  shown  in  Figure  34  in  the  form  of  loss  coefficient 
versus  velocity  head.  As  can  be  seen,  the  measured  losses  are  only 
about  one-third  of  the  maximum  predicted.  When  these  losses  are  con¬ 
verted  into  pressure  drop  for  a  typical  regenerator  installed  on  the  model 
engine  (2300'  F  TIT,  10;  i  PR),  a  value  of  approximately  0.  03  percent 
results,  which  then  must  be  added  to  the  core  pressure  drop. 

The  conclusion  reached  is  that  the  turning  losses  ihemselves  can  l>e  made 
insignificant  in  magnitude  for  the  actual  regenerator:  however,  it  will  be 
necessary  tliat  the  specific  duct  be  properly  designed  tc  ensure  correct 
flow  distribution  at  the  inlet  to  the  second  pass. 
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Figure  32.  Single-Pass  Temperature  Profiles 

(Test  data  based  on  thermal  shock  rig  per¬ 
formance  tests  on  second  straight -tube 
module. ) 
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BASIS:  NF  =  16  In. /Lb/Sec 
=  1.9  In. 

=4.  6  In. 

TIT  =  2300^ 

-  PR  =  10:1 

6  =  71  Pet 

-  AP/P  =  8  Pet 


Figure  33.  Regenerator  Temperature  Profiles  Assuming  Complete 
Mixing  Between  Passes. 
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i-i^ure  34.  Duct  Turning  Losses. 
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Selection  of  Tubular  Test  Surfaces 

It  was  -ecognized  that  flow  through  the  tubes  would  be  laminar  and  have 
values  of  Reynolds  number  less  than  2000,  mainly  because  of  the  small 
tube  diameter  and  the  necessity  to  hold  the  flow  rate  low  enough  to  give 
acceptable  pressure  drops.  On  the  other  hand,  flow  across  a  tube  bundle 
if.  turbulent  because  the  fluid  flows  over  a  series  of  unfaired  cylindrical 
shapes.  Because  of  this  difference  in  flow  character,  th.  inside  heat 
transfer  coefficient  is  on  the  order  of  one-third  to  one-fourth  the  coeffi¬ 
cient  on  the  outside,  and  almost  all  the  resistance  to  heat  transfer  will 
occur  on  the  inside  surface  of  the  tubes.  As  a  result,  worthwhile  improve¬ 
ments  in  performance  would  be  achieved  if  the  inside  heat  transfer  coeffi¬ 
cient  were  increased  by  turbulence  promotion.  To  achieve  the  improve¬ 
ment,  consideration  was  given  to  surface  modifications  which  would 
produce  inside  turbulence.  In  addition,  tubular  surface  modifications 
which  tended  to  reduce  thermal  stresses  were  of  interest. 

A  literature  survey  was  undertaken  to  help  select  various  tubular  surface 
modifications  which  might  show  performance  advantages  over  smooth, 
straight  tubes.  The  results  of  this  survey  are  shown  in  Figure  3.')  as 
versus  h/hgj^^^Qji^,  and  designs  which  showed  worthwhile 
increases  in  heat  transfer  capability  without  undue  increase.s  in  pressure 
drop  were  identified.  This  survey  indicated  that  crosswise  dimples  and 
spiral  strips  which  produce  a  vorte.x-iype  flow  were  the  most  promising 
and  led  to  selection  of  the  ring -dimpled  and  spiral -dimpled  tubes  as  test 
items.  These  tubes,  along  with  the  others  which  were  initially  selected, 
are  pictured  in  Figure  36. 

Analysis,  details  of  which  arc  presented  in  Appendi.x  I,  indicated  that 
performance  of  straight,  smooth  tubes  would  be  improved  if  the  tubes 
were  bent  into  a  wave  shape.  This  analysis  was  ,  upportod  by  the  perfor¬ 
mance  data  of  a  wavy -fin,  plate-fin  surface  given  in  Reference  1.  page 
215.  In  addition,  wavy  tubes  are  springy  when  subjected  to  an  axicl  load, 
and  lower  stresses  result,  since  force  interactions  Ixdween  adjacent  tubes 
are  less  than  for  straight  tubes  (discussed  under  STRESS  STUDIES).  The 
first  wavy  tube  had  the  fo.*m  of  a  1-1/  2-cycle  wave. 

The  riiig-e.xpanded  tube  also  was  considered  for  its  jxitential  stress - 
relieving  characteristics.  Later,  this  design  was  discarded  because  of 
anticiixited  manufacturing  difficulties. 

Studies  detailed  in  Appendi.x  I  showed  that  surface  roughness  w-ould  have 
little  effect  at  laminar  Reynolds  numbers  (less  than  2000)  unless  the  rough¬ 
ness  was  at  least  one-tenth  the  tube  diameter.  Therefore,  the  tubes  tested 
had  surface  roughness  between  (.'iie -tenth  and  one -fifth  of  the  tulx*  inside 
diameter. 
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RING  DIMPLED  TUBE 

L/0|  =  50,  DIMPLE:  SPAC:MG  2.5  0,,  DEPTH  .095  D; 


SPIRAL  DIMPLED  TUBE 

-'-I  —  JC,  OIMPLe:  SFaCiHO  i.4  U|,  UEkih  095  D; 


1-1/2-CYCLE  WAVY  TUBE 

L/O,  :  52  '  /R  =  9.6 


[ir=j|-^ll — ll=zj)z=0=j|r3^ — 0 — (Mtf] 

RING  EXPANDED  TUBE 

L  0,  A  50.  RINGS:  SPACING  4.75  0,,  diameter  1.75  0; 


F'^jure  36.  Modified  Tubular  Surfaces. 
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The  use  of  0,  060-inch-dianieter  tubes,  flattened  to  an  elliptical  cross- 
section  to  reduce  the  pressure  drop  in  flow  across  tube  banks,  also  was 
considered;  however,  while  the  external  pressure  drop  could  be  decreased 
in  this  way,  the  interior  pressure  drop  increased  sufficiently  to  nullify 
any  gains.  As  a  result,  it  was  concluded  that  this  approach  would  be  of 
little  value. 


Module  Metal  Temperatures 

To  evaluate  the  steady -stale  thermal  stress  in  the  regenerator  cores,  it 
is  necessary  that  the  temj)erature  of  the  coie  elements  be  known.  The 
program  that  was  developed  to  evaluate  the  performance  of  wrap-around 
regenerators  also  calculates  the  temperatures  of  the  tube  walls  at  points 
throughout  the  modules.  Tlie  basis  of  this  calculation  is  shown  in  Appendix 
II.  Figure  37  shows  some  representative  metal  temperatures  in  both 
passes  of  a  regenerator  for  the  model  engine  (2300  F  TI  i  ,  10:1  PR).  The 
program  calculates  temperatjres  only  in  regions  where  the  tube  is  heated 
by  gas  on  the  inside  and  cooled  by  air  on  the  outside.  The  region  in  the 
vicinity  of  the  expanded  ends  presents  a  more  complex  situation  in  that 
expanded  ends  are  heated  from  within  but  have  virtually  no  external 
cooling.  This  causes  the  expanded  ends  to  approach  very  nearly  the  gas 
temperature.  However,  the  tube  wall  just  adjacent  to  the  expanded  end 


to 
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axial  heat  conduction,  a  very  steep  temperature  gradient  can  result.  The 
temperature  gradient  shown  in  Figure  38  was  eva’uated  by  assuming  the 
worst  possible  conditions  (calculated  by  the  method  described  in  Appendix 
II)  and  applied  to  point  (A)  in  Figure  37.  The  gradient  at  point  (B)  is  about 
the  same,  but  the  absolute  values  of  temperature  are  less. 


STRESS  STUDIES 


To  understand  structural  requirements  and  to  establish  a  design,  a  study 
was  undertaken  to  determine  where  the  maximum  stresses  occur  in  a 
regenerator  module.  The  results  of  this  study  are  given  in  Table  III, 
and  the  analyses  are  detailed  in  Appendix  III. 

The  compressive  hoop  stress,  resulting  from  high  pressure  outside  the 
tubes  (as  shown  in  Figure  39),  is  quite  low  and  would  not  cause  structural 
problems.  Other  calculations  indicated  that  buckling  of  the  tube  wall  due 
to  this  type  of  loading  would  not  occur.  The  longitudinal  stress,  resulting 
from  axial  tension  in  the  tubes  due  to  pressure  (Figure  40).  is  also  low. 
The  remainder  of  the  stresses  listed  in  Table  III  result  from  uneven 
thermal  growth  of  the  regenerator  system.  As  shown  in  Figure  41, 
uneven  expansion  of  the  modulo  as  a  whole  '.end.s  to  bow-  the  tubes  slightly. 
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Figure  38.  Temperature  Gradient  At  Tube  End. 
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This  deformation  results  in  bending  stresses  in  the  tube  wall.  The  bend¬ 
ing  moment  also  results  in  small  shear  stresses  at  the  faces  of  the 
expanded  ends.  These  stresses  are  low  enough  to  be  ignored. 


TABLE  III 

NOMINAL  STRESSES  IN  MODULE 
Compressive  hoop  stress  due  to  pressure 
Longitudinal  tension  due  to  pressure 

Stress  from  bending  of  tubes  due  to  uneven  thermal  expansion 
Shear  stress  at  tube  ends  due  to  uneven  thermal  expansion 
Stress  due  to  thermal  gradient  near  braze 

Suspension  stresses  due  to  differential  expansion  between 
module  and  manifolds  (SOO^F  temperature  difference) 


1300  Psi 

63r>  Psi 

46.3  Psi 

22  Psi 

20,  .300  Psi 
maximum 

1.3,000  Psi 
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Figure  40.  Tension  in  Tubes  Due  To  Fluia  Pressure. 


EXAGGERATED 


Figure  41.  Exaggerated  Bowing  ol  Tubes  Caused 
by  Uneven  Thermal  Expansion. 
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A  stress  resulting  from  a  thermal  gradient  near  the  brazed,  expanded 
end  was  studied.  Figure  42,  showing  the  joint  which  was  considered, 
compares  iwo  cases  -  one  in  which  a  desirable  braze  has  a  small,  rounded 
fillet,  and  one  in  which  the  alloy  has  a  square  fillet.  A  thermal  gradient 
(up  to  6700°F/inch)  arises  because  the  cylindrical  part  of  each  tube  is 
heated  from  within  and  cooled  by  outside  air,  but  the  tube's  expanded  end, 
also  heated  from  within,  has  virtually  no  external  cooling.  The  expanded 
end  therefore  has  a  much  higher  equilibrium  temperature  than  the  rest  of 
the  tube.  The  transition  between  these  two  temperatures  occurs  over  a 
very  short  distance,  resulting  in  the  predicted  high  gradient.  As  shown 
in  Figure  43,  the  gradient  causes  the  tube  to  become  conical  in  shape. 
Where  the  conical  section  joins  the  braze  alloy,  the  tube  wall  bends 
sharply,  causing  a  high  stress  level.  Good  control  of  brazing  alloy  would 
produce  the  type  of  joint  shown  in  Figure  42b  with  substantially  lower 
stress. 


BRAZE 

6 
6 


Figure  42a.  Excessive  Braze  Figure  42b.  Desired  Braze 

Causing  High 
Stress  Level 

Figure  42.  Brazed  Fillets. 

Calculated  stresses  for  a  suspension  along  the  straight  side  of  the  module 
are  approximately  equal  to  the  materials  elastic  limit.  Stresses  in 
corners  are  not  readily  amenable  to  known  methods  of  calculation  but 
were  estimated  to  exceed  the  elastic  limit  of  the  flexure  material  (15,000 
psi).  The  uncertainty  of  this  stress  calculation  left  the  functioning  of 
corners  in  question.  Since  it  is  known  that  thin-gauge  high-strength 
materials  can  function  satisfactorily  after  being  initially  deformed  by  a 
thermal  stress,  a  test  of  vhe  flexure  was  judged  to  be  the  best  way  to 
determine  adequacy. 

A  study  of  the  flexibility  of  the  wavy  tubes  was  made  in  order  to  design 
modules  using  either  no  flexible  suspension  or  a  suspension  with  more 
restricted  movement.  Reference  2,  page  323,  presents  a  method  by 
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LARGE  EXPANSION 
DUE  TO  HIGH  END 


Fi^re  43.  Exaggerated  Effects  of  Tube  End  At  Higher 
Temperature  Than  Tube  Body, 


which  the  end  loads  and  the  maximum  bending  moment  in  an  arbitrarily 
curved  pipe  subjected  to  an  axial  displacement  can  be  evaluated,  and 
Appendix  III  gives  details  of  this  analysis.  From  the  maximum  bending 
moment,  the  maximum  stress  can  be  calculated  readily.  The  end  load 
and  maximum  stress  were  then  calculated  for  a  straight  tube  (treated 
as  a  column)  subjected  to  the  same  axial  displacement.  It  was  found 
that  the  maximum  stress  in  a  1 -cycle  wavy  tube  is  about  2B  percent 
lower  than  that  in  a  straight  tube.  The  end  load  is  about  one -seventh 
that  for  a  straight  tube. 
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TEST  CORE  ELEMENT  DEVELOPMENT 


Heat  transfer  and  pressure  drop  characteristics  of  modified  tubular  sur¬ 
faces  were  investigated  to  identify  types  that  would  produce  performance 
better  than  smooth,  straight  tubes,  A  previous  literature  survey 
(Figure  35)  assisted  in  some  tube  modifications  but  gave  no  quantitative 
data  in  the  low  Reynolds  number  (laminar  flow)  range  of  interest.  To 
obtain  quantitative  results,  two  test  rigs  were  constructed:  a  steady-state 
rig  for  testing  flow  thiough  tubes  and  a  transient -type  rig  for  flow  across 
banks  of  tubes. 

Two  rigs  were  required  (as  established  by  data  presented  in  Reference  3) 
because  it  is  not  possible  to  construct  one  rig  which  has  the  required 
accuracy  for  both  types  of  flow.  A  parameter  known  as  the  Ntu  (Ntu  = 
Ah/Wcp)  is  used  to  describe  the  heat  transfer  size  of  a  surface.  That  is, 
it  ratios  the  heat  transfer  capacity  (Ah)  to  the  fluid  capacity  (Wcp). 
Another  parameter,  the  error  magnification  factor,  which  :s  the  ratio  of 
the  error  in  the  desired  result  to  the  error  in  a  measured  quantity,  is 
presented  as  a  function  of  Ntu  for  steady-state  and  transient  types  of  heat 
transfer  test  rigs  in  Figure  44.  As  can  be  seen,  the  transient  type'  of  rig 
is  inaccurate  in  the  1.  5  to  3.  0  range  of  Ntu,  and  steady-state  testing  is 
inaccurate  at  Ntu's  above  3.  0.  Since  flow  across  tubes  results  in  Ntu's 
above  3.  0,  transient  testing  was  the  logical  choice  of  rig.  The  Ntu's  of 
flow-through  tubes  are  in  the  1.  0  to  3. 0  range,  making  steady-state 
testing  the  best  choice. 

SINGLE  TUBE  TESTS 


The  steady-state  test  rig  for  performance  testing  of  flow  through  tubes  is 
diagrammed  in  Figure  45  and  pictured  in  Figure  48.  This  rig  was 
designed  to  test  a  single  tube  of  1/4-inch  diameter  as  opposed  to  testing 
a  0.  080-inch  tube,  since  the  larger  size  is  easier  to  make  and  test.  The 
wall  of  the  tubular  surface  under  test  was  maintained  at  constant  tempera¬ 
ture  by  circulating  high-velocity  (B  gallons  per  minute)  hot  water  around 
the  tube.  Since  the  water  flow  rate  was  at  least  2000  times  the  airflow 
rate,  changes  in  water  temperature  were  negligible.  Air  was  drawn  into 
the  tube  from  the  room,  heated  by  convective  heat  transfer  from  the  tube 
wall,  and  then  passed  through  the  flow  meter  and  blower.  The  inlet  air 
temperature  was  measured  just  ahead  of  the  tube  inlet  with  a  precision 
mercury  thermometer.  The  air  temperature  was  measured  after  the 
test  section  with  a  0.001-inch  cooper -constantan  thermocouple.  These 
data,  together  with  the  flow  rate  and  water  temperature,  permitted 
calculation  of  the  Colburn  factor  j  versus  Reynolds  number  (see  Appendix 
IV  for  calculating  procedures).  Measurement  of  the  pressure  drop 
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TRANSIENT  TESTING 
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Figure  44.  Error  Magnification  Factor  Versus  Ntu. 
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WATER  OUTLET  WATER  ISIET 


Figure  45.  Steady-State  Test  Rig. 


across  the  test  section  and  the  flow  rate  permitted  calculation  of  the 
friction  factor  f  versus  Reynolds  number. 

Initially,  five  tubular  surfaces  were  constructed.  These  included  a 
straight,  smooth  tube  to  be  used  as  a  basis  for  comparison,  a  ring- 
dimpled  tube,  a  spiral-dimpled  tube,  a  1-1/2-cycle  wavy  tube,  and  a 
ring -expanded  tube  as  described  previously.  After  initial  tests,  wavy 
tubes  were  found  to  have  desirable  chai’acteristics,  and  two  more  wa\y 
tubes  were  constructed,  one  with  1  cycle  and  another  with  1/2  cycle.  The 
tube  shapes  are  pictured  in  Figure  47.  In  addition,  three  straight  tubes 
having  internal  surface  roughness  were  tested  with  particles  of  one -fifth 
of  the  tube  diameter,  one-tenth,  and  mixed  in  size.  The  particles  (sand) 
were  irregular  in  shape  and  were  cemented  to  the  tube  wall.  Tl.ese  tubes 
are  shown  sectioned  in  Figure  48. 

Complete  results  of  these  tests  are  given  in  Appendix  V  in  the  form  of 
friction  factor  and  Colburn  factor  versus  Reynolds  number.  When  pre¬ 
sented  in  this  form,  the  results  do  not  depend  on  tube  diameter.  Figure 
49  presents  the  results  in  the  form  of  gas  side  heat  transfer  coefficient 
versus  gas  side  pressure  drop.  This  figure  is  valid  only  for  tubes  with  a 
0.  054-inrh  inside  diameter.  Heat  transfer  coefficients  of  the  various  sur¬ 
faces  were  compared  at  the  targeted  gas  side  pressure  drop  of  about  3  percent. 
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STRAIGHT  TUBE,  FLABEI)  ENOS 


RINGHDIMPrj:D  TUBE 


SPIRAL-DIMPLED  TirBE 


l-l/l'-CYCLE  WAVT  TUBE 


RING-€XPANDED  TUBE 


l/U-CYCLI-:  WAVY  TUBE 


Figure  47.  Modified  Tubular  Su^'faces, 
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Fi^iui'e  4b.  Surface -Roughened  Tubes. 
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(1)  STRAIGHT, SMOOTH  TUBE  |4I  1/T  CYCLE  WAVY  TUBE 
AND  RING  EXPANDED  TUBE  ,5,  hinc-qimPLED  TUBE 
(21  M/2-CYCLE  WAVY  TUBE  SPIRAL-OWPLEU  TUBE 
(3)  1-CVCLE  WAVY  TUBE 


(7)  SURFACE-RDUGHENED  TUBE,  PARTICLES  1/5  ID 
(•)  SURFACE-ROUGHENED  TUBE,  PARTICLES  1/5-1/10  1C 
(SI  SURFACE -ROUGHENED  TUBE.  PARTICLES  I  10  ID 


BASED  ON;  I3U*F  CAS  AT  14.7  PSIG 
OJ  FT^/LB/SEC  OF  CORE 
S)54-INCH  iO  tubes 


X 


o 


Figure  49.  Characteristics  of  Modified  Tubular  Surfaces. 


As  can  be  seen,  wavy  tubes  have  significantly  higher  heat  transfer 
coefficients.  .As  discussed  in  Appendix  I,  this  improvement  results  from 
secondary  flows  in  the  tube  which  cause  the  fluid  in  the  boundary  layer  to 
mix  with  the  fluid  in  the  tube  center.  None  of  the  remaining  surfaces 
show  any  significant  gains,  inasmuch  as  the  increases  in  heat  transfer 
coefficient  were  offset  by  increased  pressure  drop.  To  achieve  low 
pressure  drop  with  the  other  surfaces,  the  Reynolds  number  was  reduced 
so  much  that  the  heat  transfer  coefficient  dropped  to  almost  the  value  of 
a  smooth  tube. 

It  should  be  noted  that  these  conclusions  are  restricted  to  0.  054 -inch- 
inside -diameter  tubes.  Some  of  the  modifications  which  did  not  show 
promise  in  this  size  range  might  well  appear  worthwhile  for  larger  tubes. 

Recognizing  that  straight  tubes  showed  only  a  fair  performance  level  but 
would  be  the  simplest  to  manufacture  and  that  tlie  wavy  tubes  had  the  best 
perfoi  nance  with  potential  for  desirable  thermal  stress  characteristics. 
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it  was  concluded  that  both  types  should  be  evaluated  further.  Accord¬ 
ingly,  the  straight-  and  wavy -tube  configurations  were  selected  for  follow- 
on  module  tests.  Although  the  1-1/2  -cycle  wavy  tube  had  the  best 
performance,  the  1 -cycle  wavy  tube  was  eesier  to  integrate  into  a 
module,  since  the  tubes  nest  together  better.  As  a  result,  1 -cycle  tubes 
were  selected  as  a  good  compromise. 

TUBE  BANK  TESTS 

A  transient  test  rig  was  constructed  to  measure  the  heat  transfer  and 
pressure  d;op  chara-'teristics  of  flow  across  tube  banks  (Figures  50  and 
51).  A  transient -type  rig  was  selected  to  provide  heat  transfer  and 
pressure  drop  data  because  it  can  be  readily  adapted  to  accommodate  a 
wide  variety  of  compact -type  surfaces  and  yield  the  most  accurate  results. 
The  technique  (described  in  Reference  3)  uses  the  principle  of  measuring 
the  transient  rate  of  temperature  change  of  air  flowing  over  a  heated  sur¬ 
face.  The  rate  of  maximum  temperature  change  is  related  to  the  surface 
heat  transfer  coefficient.  Figure  52  shows  a  temperature -time  chart 
typical  of  the  data  from  this  r^. 
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Figure  50.  Transient  Test  Rig. 
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Figure  51.  Transient  Test  Rig. 
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Heat  transfer  and  pressure  drop  data  were  taken  on  both  straight-  and 
wavy -tube  banks.  These  results,  given  in  Figure  53,  in  the  form  of  f  and 
j  versus  Nr,  show  that  relative  to  the  straight -tube  module,  the  wavy- 
tube  module  is  high  in  pressure  drop  and  low  in  heat  transfer.  A  prob¬ 
able  factor  was  nonuniform  flow  distribution  across  the  module,  caused 
by  the  geometry  of  the  design;  at  certain  locations  along  the  waves,  it  is 
unavoidable  that  flow  space  between  tubes  varies.  In  addition,  the  module 
had  some  tubes  slightly  misaligned.  The  apparent  sensitivity  of  the 
wavy -tube  module  to  local  changes  in  flow  area  could  be  alleviated  best  by 
increasing  the  tube  spacing  in  the  longitudinal  (airflow)  direction;  however, 
this  change  would  have  the  disadvantage  of  increasing  core  volume. 

It  should  be  noted  that  the  low  heat  transfer  performance  across  wa^/y 
tubes  has  little  effect  on  overall  performance.  The  heat  transfer 
coefficient  inside  the  tubes  is  much  smaller  and  consequently  presents 
almost  all  of  the  heat  transfer  resistance.  The  effect  of  the  high  friction 
factor,  however,  will  be  reflected  directly  in  total  pressure  drop. 
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Figure  53.  Heat  Transfer  and  Pressure  Drop  Characteristics 
for  Flow  Across  Banks  of  Straight  and  t  -Cycle 
Wavy  Tubes. 
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FULL-SIZE  MODULE  DEVELOPMENT 


The  backgrou.id  material  obtained  from  analytical  studies  and  element 
tests  was  used  during  the  major  part  of  the  regenerator  program,  which 
consisted  of  the  design,  fabrication,  and  testing  of  single  modules  of  a 
full-sized  regenerator.  Although  a  complete  regenerator  uses  many 
modules,  the  necessary  fabrication  techniques  and  performance  and  struc¬ 
tural  characteristics  of  individual  modules  were  evaluated  to  identify 
specific  problem  areas  representative  of  a  complete  heat  exchanger. 

This  section  describes  activities  involved  in  the  development  of  full-size 
modules  including: 

•  Design 

•  Selection  of  tube  materials  and  brazing  alloys 

•  Fabrication 

•  Testing  and  evaluation 

•  Manufacturing  research 
DESIGN 

From  the  preceding  analytical  studies  and  single-tube  tests,  it  was  deter¬ 
mined  that  straight  and  wavy  tubes  had  the  best  overall  balance  of  parame¬ 
ters  for  regenerators  utilizing  small  diameter  tubes.  Indications  were 
that  the  designs  would  have  the  advantages  of  high  heat  transfer  capacity 
per  unit  volume,  light  weight,  and  good  structural  characteristics. 
Straight-  and  wavy-tube  designs  are  shown  in  Figures  54  and  55. 

The  tubes  selected  had  an  outside  diameter  of  0.060  inch  and  a  0.003-inch 
wall  thickness.  To  eliminate  the  need  for  inserting  a  large  number  of 
tubes  into  a  more  conventional,  perforated  header  sheet,  the  design  called 
for  the  ends  of  the  tubes  to  be  expanded  into  a  rectangle  so  that  they  would 
nest  together,  forming  an  air-tight  face  (see  Figure  12).  The  tubes  were 
arranged  in  an  offset  design  with  a  center-to-center  spacing  of  0.060  inch 
in  the  air-flow  direction  and  0.090  inch  in  the  transverse  (no-flow)  direc¬ 
tion.  The  selected  design  called  for  the  gas  to  flow  inside  the  tubes  and 
the  air  outside.  This  selection  had  several  advantages.  The  main 
advantage  was  that  the  high  heat  transfer  coefficient  outside  the  tubes 
(about  four  times  that  inside)  would  result  in  a  mean  tube  temperature 
closer  to  the  temperature  of  the  air,  as  diagrammed  in  Figure  56. 
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Figure  54.  Straight-Tube  Module  Design. 
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Figure  55.  Wavy -Tube  Module  Design. 
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CASE  I  -  GAS  INSIDE  lUBE 
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CASE  II  -  AIR  INSIDE  TUBE 
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Fipjri'  56.  Effect  of  Gas  Flowing  Inside  Tubes. 
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In  addition,  the  absence  of  wake  or  turbulent  regions  in  laminar  flow 
through  tubes  would  produce  less  tendency  to  foul.  Further,  less  blockage 
of  flow  areas  and  less  effect  on  increase  of  pressure  droj)  would  result  if 
deposits  occurred  inside  the  tubes  rather  than  outside.  Finally,  if  partial 
fouling  were  to  occur,  cleaning  inside  tubes  could  be  accomplished  more 
easily  from  the  ends. 

The  heat  exchanger  core  was  divided  into  a  number  of  modules,  each  one 
supported  by  a  flexible  suspension  as  shown  in  Figures  57  and  53.  This 
arrangement  was  aimed  at  minimizing  thermal  stresses  by  virtually 
eliminating  end  loads  on  the  tubes  and  isolating  thermal  growth  of  the 
supporting  structure  from  the  tube  bundle. 

To  eliminate  leakage  of  air  around  the  tube  bundles,  a  scaling  pillow  was 
designed  (Figure  59)  to  fit  along  the  two  sides  of  each  module.  The  pillow 
was  constructed  of  Fibrefrax  layers  enclosed  in  a  casing  of  fine  .stainless 
steel  wire  gauze.  The  arrangement  had  high  resistance  to  flow  through  it 
and  provided  compressive  fle.xibility,  ensuring  a  snug  fit  and  good  seal. 


Figure  57.  Flexible  Suspension. 
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Figure  59.  Sealing  Pillow  Showing  installation. 
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SELECTION  OF  TUBE  MATERIALS  AND  BRAZING  ALLOYS 
Tube  Materials 

In  the  selection  of  the  tube  material  for  this  regenerator  application,  the 
most  important  criteria  were  judged  to  be  good  oxidation  resistance  at  up 
to  1500°  F,  good  ductility  for  forming,  suitability  for  brazing,  and  avail¬ 
ability  at  low  cost.  Early  stress  calculations  available  at  the  time  that 
the  material  was  selected  indicated  that  high  strength  would  not  be 
required.  A  study  of  available  data  showed  that  AISI  types  316L  and  347 
were  the  lowest  cost  suitable  materials.  Published  property  data  showed 
that  these  materials  have  a  yield  strength  at  1350°F  of  at  least  15,000 
pounds  per  square  inch  (page  22  of  Reference  4),  and  their  oxidation 
resistance  is  adequate  for  use  at  up  to  1500°F  (Reference  5). 

When  stainless  steel  is  heated  to  a  sufficiently  high  temperature,  new 
grains  appear  in  the  metallographic  structure.  The  new  grain  size  and 
the  rate  at  which  the  grains  form  depend  on  a  number  of  variables, 
including  amount  of  previous  deformation,  original  grain  size,  and 
composition  of  the  alloy. 

If  an  alloy  is  exposed  to  temperatures  above  those  necessary  to  produce 
recrystallization,  growth  proceeds  by  absorption  of  grains  and  is 
especially  noticeable  following  recrystallization  of  severely  deformed 
materials.  Because  of  the  variables  involved,  it  is  not  possible  to 
accurately  predict  the  temperature  at  which  recrystallization  and  grain 
growtli  occur.  For  cold-worked  stainless  steels,  temperatures  above 
1850  °F  generally  produce  grain  growth:  required  brazing  temperatures 
are  above  2000°  F. 

Brazing  Alloys 


Extensive  tests  were  undertaken  to  determine  suitable  brazing  alloys  for 
the  tubular-type  regenerators.  Initially,  flow  and  erosion  tests  were 
performed  with  eight  different  brazing  alloys  in  combination  with  parent 
materials  of  types  347  and  316L  stainless  steel.  Those  alloys  showing 
good  brazing  alloy  flow  with  the  ieast  erosion  of  the  base  material  were 
Engelhard  440,  Palniro  7,  Palniro  1,  Coast  Metals  62.  and  Engelhard  135. 
Additional  brazing  tests  on  type  347  stainless  steel  tube  clusters  showed 
that  Engelhard  440  and  Coast  Metals  62  had  the  least  erosion  of  the  parent 
material. 

Brazed  pillow  pressure  tests  at  room  temperature  (as  indicated  by  Figure 
60)  showed  that  Palniro  1  and  Palniro  7  produced  strong  joints,  that  Coast 
Metals  62  and  Engelhard  440  were  weaker,  and  that  Engelhard  135  was 
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TOP  VIEW 


Figure  60.  Brazed  Pillow  Test  Specimen. 
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intermediate  in  strength.  Since  the  important  criterion  was  judged  to  be 
freedom  from  erosion  (an  erosive  alloy  could  erode  completely  through 
the  thin- walled  tubing),  Engelhard  440  was  retained  and  compared  with 
Palniro  1,  Coast  Metals  62,  and  Palniro  7  for  joint  strength  at  elevated 
temperatures.  Again,  Engelhard  440  was  weaker  than  the  other  alloys  but 
was  judged  to  have  sufficient  strength  for  the  application  (8000/9000  psi 
at  1350“F). 

Electron  microprobe  studies  confirmed  that  Engelhard  440  produced  the 
least  penetration  into  the  parent  material.  Coast  Metals  62  showed  no 
erosion,  but  a  brittle  network  at  the  grain  boundaries  produced  by  boron 
content  of  the  alloy  was  considered  likely  to  impair  resistance  to  fatigue 
damage.  As  a  result  of  these  studies,  Engelhard  440  was  selected  as  the 
most  suitable  brazing  alloy.  Figure  61  shows  some  typical  brazes 
obtained  in  these  studies.  The  complete  results  of  these  brazing  alloy 
tests  are  presented  in  Appendix  VI. 

MODULE  FABRICATION 

The  carbon  content  of  initial  deliveries  of  types  347  and  31 6L  stainless 
steel  was  above  specified  maximum  values  and  produced  severe  carbide 
precipitation  at  the  grain  boundaries  during  metallurgical  tests.  The 
supplier  felt  that  it  would  be  difficult  to  reduce  carbon  content  to  the 
required  level  for  type  31 6L  but  that  it  would  be  possible  to  meet  the 
specification  for  type  347.  Later  deliveries  of  type  347  showed  the 
required  improvement  in  the  carbon  content  (Table  IV),  and  on  this  basis, 
it  was  decided  to  manufacture  all  modules  from  AISI  type  347  stainless 
steel. 

The  tubes  were  first  cut  to  length  by  the  electro- discharge  machining 
technique  to  avoid  burrs.  Initial  attempts  at  forming  tube  ends  were 
unsuccessful,  the  reason  being  that  it  was  expected  that  the  rectangular 
shape  could  be  produced  with  one  punch  in  a  single  expanding  operation. 
This  method  resulted  in  split-tube  ends  and  a  high  rejection  rate.  To 
eliminate  the  deficiency,  the  procedure  was  corrected  by  forming  the  ends 
in  two  operations,  using  the  punch  and  die  sets  shown  in  Figure  62.  End 
forming  was  performed  in  two  hand-operated  machines.  The  first  machine 
(Figure  63)  preformed  the  tube  ends  into  a  round  shape  and  upset  the  tube 
end  uniformly  to  maintain  a  constant  wall  thickness.  A  second,  similar, 
machine  finish-formed  the  ends  to  their  final  rectangular  shape.  Straight 
tubes,  so  formed,  were  suitable  for  evaluation  of  experimental  assembly 
techniques  and  subsequent  testing.  Wavy  tubes  were  formed  on  a  semi¬ 
automatic  machine,  forming  two  tubes  at  a  time  (Figure  64).  A  descrip¬ 
tion  of  the  operation  of  this  machine  is  contained  in  Appendix  VII.  Both 
the  bending  of  the  tube  and  the  end  forming  were  done  on  this  machine. 
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Figure  61c.  Engelhard  440  Joints  Showing  no 
Erosion  or  Penetration 


Figure  61.  Penetration  and  F^rosion  Characteristics 
of  Brazing  Alloys. 
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TABLE  IV 

CARBON  AND  COLUMBIUM  CONTENTS  OF  STAINLESS  STEEL 


316  L 

347 

Spec.  Delivery 

Spec. 

Early 

Deliveries 

Later 

Deliveries 

(Handy  & 
Harman) 

(Superior 

Tube) 

Carbon 

.03 

,08 

,08 

.  13 

.077 

Columbium 

None 

Required 

— 

10  Times  C 
Max.  1,1 '/f 

.80 

.990 

Due  to  springback  of  the  wave  and  some  die  misalignment,  these  tubes 
were  not  as  dimensionally  accurate  as  desired,  but  by  selecting  the  best 
tubes  produced,  a  sufficient  quantity  was  obtained  to  make  a  module. 

The  initial  procedure  selected  to  assemble  the  formed  tubes  into  complete 
modules  consisted  of  three  steps.  First,  double-layer  subassemblies  of 
tubes  were  brazed  into  a  fixture  (Figures  65  and  66).  Then  sufficient 
double  layers  to  make  a  full  module  were  placed  into  a  second  fixture 
(Figures  67  and  68)  and  brazed  together.  This  second  fixture  was  a  two- 
piece  fixture  with  a  movable  upper  half.  Vistinex  ’A"  was  used  for 
temporary  bonding  during  both  of  these  brazing  operations.  Next,  the 
flexible  suspension  was  brazed  to  the  module.  These  operations,  with 
successive  brazes,  were  selected  because  it  seemed  more  practical  than 
assembly  of  tubes,  fillers,  and  corners  in  a  single  brazing  operation 
without  temporary  bonding. 

Elimination  of  the  first  brazing  operation  by  temporary  bonding  of  the 
tubing  with  Vistinex  "A"  was  tried  without  success  because  it  has  insuffi¬ 
cient  strength.  Spot  welding  before  brazing  of  tube  ends  was  also  tried, 
but  metallographic  examination  indicated  incomplete  filling  of  the  spot- 
weld  area  with  brazing  material,  which  presents  a  severe  stress  concen¬ 
tration,  This  problem  had  to  be  overcome  to  make  the  spot-welding 
technique  successful. 
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Filin'  65.  Doubk*- LaytT  Bra/.iii^  Fixluro 
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Figure  67.  Complete  Module  Brazing  Fixture. 


Control  of  the  amount  of  brazing  alloy  to  avoid  wall  erosion  was  c  onsidered 
to  be  easiest  if  the  alloy  was  applied  in  0.002- inch  foil  strips  between 
layers  at  the  formed  ends.  The  insertion  of  the  foil  strips  resulted  in  a 
module  height  before  brazing  which  was  larger  than  the  desired  final 
module  size.  To  maintain  contact  pressure  during  the  brazing  cycle  and 
to  accommodate  the  thermal  e.xpansion  during  heating,  the  fi.xturc  was 
built  in  two  sections  with  the  joints  placed  on  a  module  diagonal.  The 
fixture  as  a  whole  was  tilted  from  the  \ertical  to  obtain  lateral  and  vertical 
pressure  from  the  weighted  (three  pounds),  movable  upper  h.alf.  Guides 
constra»iiing  the  direction  of  motion  and  ston.«  were  placed  at  the  desired 
final  module  height 
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Figure  68.  Complete  Module  Brazing  Fixture. 
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The  bra^ing  of  double  layer  subassemblies  was  successfully  (lemoiustral('c! 
in  the  laboratory  and  later  duplicated  in  experimental  assembly;  iiowevor, 
warping  of  the  fixtures  during  brazing  resulted  in  somt'  rejections  of  sul)- 
assembiies  and  required  frequent  rework  of  the  fixtures.  Enough  subas¬ 
semblies  were  produced,  however,  to  start  the  second  step.  Brazing  the 
double  layers  into  a  complete  module  in  the  two-piece  fixture  proved  to  l)e 
a  difficult  operation. 

The  first  module  brazed  into  this  fixture  is  shown  in  Figure  69.  As  is 
evident  from  the  picture,  the  brazing  was  incomi'''’te.  with  gaps  remain¬ 
ing  between  layers  as  well  as  between  some  tubes  i  same  Iay<'r. 

From  the  appearance  of  the  finished  part,  it  was  deduced  that  the  weight 
of  the  upper  half  had  led  to  local  yielding  of  the  low'er  tube  layers  before 
the  assembly  had  reached  the  llouidus  of  the  brazing  alloy.  Su!)scqjently, 


Figure  69.  Module  Brazed  at  Boeing. 


H6 

FOR  OFFICIAl  USE  ONLY 


FOR  OFFICIAL  USE  ONLY 


during  melting  of  the  brazing  alloy,  the  module  shrank.  The  upper  half  of 
the  fixture  came  to  rest  on  its  stops;  but  because  of  the  yielded  tubes,  the 
module  assumed  a  height  smaller  than  that  set  by  the  stops,  and  contact 
pressure  was  lost.  Without  the  pressure  from  the  upper  half,  some  of  the 
tube  layers  hung  up  on  the  sides  of  the  fixture,  and  gaps  between  layers 
developed.  With  these  larger  gaps,  capillary  action  was  reduced,  and 
brazing  alloy  filtered  downward.  The  result  was  an  excess  of  alloy  at  the 
bottom  and  alloy  deficiency  at  the  top  of  the  module. 

Following  this  experience,  several  tests  were  conducted  in  which  approxi¬ 
mately  12  layers  were  brazed  into  the  bottom  of  the  same  fixture  with  the 
remainder  of  the  module  height  benig  taken  up  by  a  filler  piece.  In  these 
tests,  the  weight  on  top  of  the  fixture  was  varied.  The  tests  led  to  the 
conclusion  that  the  maximum  weight  permissible  to  avoid  yielding  of  the 
bottom  tubes  was  less  than  the  minimum  weight  requii'ed  to  maintain 
adequate  contact  pressure  on  the  top  layers  of  the  module.  It  was  there¬ 
fore  apparent  that  this  approach  would  require  considerable  development. 
As  a  result,  an  outside  brazing  specialist.  The  Pyromet  Company,  of 
San  Carlos,  California,  was  contacted.  In  parallel  with  Boeing,  and 
assisted  by  prior  Boeing  stuenes,  Pyromet  found  a  successful  technique 
that  would  correct  the  previous  difficulties,  as  discussed  below.  Accord¬ 
ingly.  all  further  brazing  work  was  performed  by  the  Pyromet  Company. 

Pyromet 's  approach  was  to  spot-weld  all  components  into  a  complete 
assembly  which  was  self-aligning.  Tubes  were  spot-welded  into  single 
layers  by  aligning  them  between  flat  plastic  plates.  The  single  layers 
were  then  assembled  into  a  complete  module  and  spot-welded  to  each  other 
at  about  each  fifth  tui)e  along  the  layers.  As  each  layer  was  added,  braz¬ 
ing  alloy  (Engelhard  440)  in  paste  form  was  placed  behind  each  joint,  and 
a  section  of  each  tube  behind  the  expanded  end  was  coated  with  white  stop- 
off.  The  suspension  was  then  spot-welded  to  the  tubes  on  each  side  and 
supported  with  ceramic  fillers  to  maintain  the  proper  fit- up  and  position 
during  the  brazing  operation.  Steel  frames  to  hold  the  module  in  the  test 
rig  were  then  spot-welded  to  the  suspension. 

The  spot-welding  was  done  with  two  stored-cnergy-type  machines.  One 
was  a  Stryco  Manufacturing  Model  SE-100;  the  other,  a  Federal  Tool  and 
Engineering  Model  DC-80-C.  Tweezer  electrodes  were  used,  and  the 
energy  used  was  5  watt-seconds  for  the  tube-to-tube  welds  and  15-20  w-att- 
seconds  for  the  tube-to- suspension  and  suspension-to-frame  welds. 

The  assembly  was  brazed  in  dry  hydrogen  in  a  sealed  retort.  The  tem¬ 
perature  was  raised  to  ISOO^F  and  held  at  this  temperature  for  15  minutes 
to  equalize  the  temperature  throughout  the  module.  The  temperature  was 
then  raised  at  a  maximum  rate  of  400° F  per  hour  lo  a  point  just  above  the 
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liquidus  of  the  brazing  alloy  (2100'’F).  Immediately  upon  reaching  this 
temperature  the  heat  was  turned  off  and  the  assembly  was  cooled  in  the 
retort.  Brazing  defects  in  the  first  brazing  cycle  were  repaired  in  one  or 
more  additional  cycles  using  silver-palladium  alloys  with  lower  melting 
points  to  avoid  remelting  of  the  original  joints  (Engelhard  431,  melting  at 
2000'’F,  and  Engelhard  428,  melting  at  1900° F).  Figure  70  shows  a 
typical  heating  curve  as  indicated  by  a  thermocouple  attached  to  the 
module. 

Three  modules  were  brazed  by  Pyromet:  two  with  straight  tubes  and  one 
with  wavy  tubes.  The  first  module*,  when  received  by  Boeing,  showed 
sagging  of  the  tui)es  and  a  large  gap  at  the  top  (Figure  71).  This  condition 
was  repaired  by  adding  some  tubes  and  by  rebrazing  (Figure  72).  The 
sagging  was  avoided  on  the  other  modules  by  spot-welding  the  suspension 
to  both  the  upper  and  lower  tube  rows  and  by  supporting  the  suspension 
with  ceramic  fillers.  The  second  module  (Figure  73)  showed  no  nroblems 
of  sagging,  but  because  some  voids  had  occurred  in  the  braze  of  the  first 
module,  extra  brazing  alloy  had  been  added  to  the  second  to  avoid  a 
recurrence.  Subsequent  X-ray  photographs  showed  that  brazing  alloy  had 
filleted  between  the  tubes  for  an  average  of  1  4  inch  from  each  face. 
Several  tubes  were  filleted  two-thirds  of  the  tube  length.  The  excess 
brazing  alloy  constricted  airflow  and  tended  to  increase  thermal  stresses 
as  discussed  earlier.  On  the  third  module  (wavy-tube),  the  amount  of 
brazing  alloy  was  carefully  controlled,  and,  as  shown  in  Figure  74.  the 
results  were  close  to  design  expectations:  e.xperimental  fabrication  of  this 
type  of  brazed  module  had  thus  been  demonstrated. 

TESTING  AND  EVALUATION 


Vibration  Tests 

Vibration  tests  were  run  on  the  second  straight-tube  module  and  the  wavy- 
tube  module.  Each  module  was  installed  in  a  housing  and  mounted  on  a 
shaker  table  at  the  Boeing  Aero-Space  Division  Vibration  Laboratory. 

The  module  was  vibrated  in  a  direction  parallel  to  the  tui  os.  An  aca  eler- 
ometer  was  mounted  at  the  tube  ends  to  record  the  response  of  the  module 
to  the  input  vibrations. 

Initial  testing  was  done  on  the  second  straight-tube  module  as  received 
from  Pyromet  and  was  aimed  at  determining  the  resonant  or  critical  fre¬ 
quencies  of  the  module.  Sweeps  at  a  lOg  input  level  were  made  from  20 
to  2000  cycles  per  second  and  over  narrower  ranges  at  slow  rates.  The 
resonant  frequency  was  found  to  be  shifting,  and  in  a  short  time  severe 
damage  to  the  corners  of  the  module  suspension  was  apparent  (Figure  75). 
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HFTOHT  I{KMuV::i) 
FROM  FI  HNACF 


Fi^rt'  70.  Pyroniet  Braze  Cycle  Temperature  versus  Time. 
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Fi^oire  71.  First  Straiirht-Tuhe  Modul 
us  Initially  Rcceiveci. 


Figure  72.  First  Straigi.L-Tube  Moduli 
After  Rejjair. 
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Fi^ire  73.  Set  uiui  Straii;hl-Tuln‘ 
Mmlulo  as  Rci  imvihI. 
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Fi^re  74.  Wavy-Tube  MckIuK'  as  RtHcivecl. 
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TABLE  V 

VIBRATION  TESTS  OF  SECOND  STRAIGHT-TUBE  MODULE 


Input 

Accelero- 

Peak 

1/2 

meter 

Response 

Frequency 

Amplitude 

Remarks 

g 

g 

cps 

in. 

2nd  Straight-Tube 
Module  (no  bypass 
pillows  installed) 

10 

Failure  occurred 
after  a  few  min¬ 
utes  o!  vibration 
in  the  critical 
region  of  200-4 CO 
cps 

2nd  Straight-Tube 

1 

14.  .5 

385 

. 00190 

Response  pattern 

Module  (with  by- 

1/2 

52.5 

1109 

. 00080 

changing  with 

pass  pillows 

shake  time  and 

installed) 

1/2 

20.  0 

1563 

. 00017 

vibration  input 

1/2 

15.  0 

1.541 

.00012 

1/2 

21.0 

1936 

. 00011 

2 

34.4 

365 

. 00500 

3 

42.0 

328 

. 00750 

3 

.54.  0 

365 

.01000 

.5 

42.6 

315 

. 00850 

5 

48.  6 

363 

. 00700 

8 

51.0 

237 

.  01300 

8 

40.0 

356 

.  00630 

10 

too.  0 

210 

. 04400 

Failure  occurred 

resonant  frequency  and  reducing  displacement.  The  module  with  this 
modification  was  subjected  to  input  levels  of  2g’s  to  lOg’s  over  frequency 
ranges  of  10  to  2000  cycles  per  second  and  100  to  700  cycles  per  second, 
respectively.  Results  showed  that  neither  the  output  displacement  nor 
the  resonant  frequency  was  altered  appreciably.  It  was  reasoned  that  the 
inserts  had  little  effect  because  the  section  formed  by  the  brazed  e.xpanded 
ends  of  the  tubes  still  was  fle.xible;  therefore.  fi.\ing  the  suspension 
locally  had  little  effect  on  the  motion  of  the  whole  section. 
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Three  other  changes  were  tried,  each  one  using  stiffener  guides  running 
the  full  length  of  the  module  on  two  sides.  In  the  first,  the  stiffener  was 
connected  to  the  frames  by  means  of  a  p'  -^cc  of  sheet  metal,  as  shown  in 
Figure  77.  In  the  second,  the  sheet  metal  was  replaced  by  four  pieces  of 
hard  rubber:  in  the  third,  by  some  wire  mtsh  bent  into  a  tight  accordion, 
as  shown  in  Figure  78,  Nore  of  these  changes  had  any  significant  effect 
on  the  output  response  of  the  module. 

On  the  basis  of  the  above  tests,  the  suspension  was  redesigned  to  be  more 
flexible  in  the  corners.  The  existing  suspension  was  removed  from  the 
wavy-tube  module,  and  the  nevi  design  was  brazed  into  position  by 
Pyromet.  Tlie  new  suspension  is  shown  in  Figure  79.  The  wavy-tube 
module  with  this  modified  flexible  suspension  was  subjected  to  vibration 
scanning  tests  similar  to  those  conducted  on  the  second  test  module.  The 
bypass  pillows  were  shimmed  to  give  a  tighter  fit.  The  resonant  frequency 
with  this  configuration  was  determined  over  a  range  of  input  levels  from 
\  thi  ough  lOg's,  and  the  maximum  input  level  that  could  be  sustained 
safely  lor  about  4  minutes  was  established.  No  visible  damage  to  module 
or  suspensions  was  observed  during  the  1  through  9g  input  levels.  The 
module  was  retested  at  the  5g  level  and  produced  the  same  resonant  fre¬ 
quency  as  originally  noted.  The  module  was  then  subjected  to  a  iOg  input 
for  a  total  of  5  minutes.  A  rerun  at  4g's  showed  a  slight  shift  in  the 
resonant  frequency,  indicating  possible  suspension  damage.  A  small 
crack  (Figure  80)  was  visible  after  testing.  The  result  of  these  vibration 
tests  is  included  as  Table  VI.  It  can  1  concluded  that  in  the  design  of  an 
engine  using  this  type  of  regenerator,  effort  should  be  directed  towards 
minimizing  engine- induced  vibrations  in  the  380-500  cycles  per  second 
region. 

To  demonstrate  the  ability  of  the  module  to  withstand  an  engine  environ¬ 
ment,  the  second  strargl  '..e  module  was  installed  on  a  boeing  T50 
engine  for  a  66-hour  endurance  test.  No  damage  to  the  module  suspension 
was  apparent  after  testing.  During  the 'csts,  an  accelerometer  was 
attached  to  the  regenerator  mounting,  and  the  vibration  characteristics 
were  recorded  at  several  engine  speeds  from  IS,  500  to  38, 500  revolutions 
per  minute.  The  data  taken  Indicated  an  amplitude  peak  n.  the  critical 
frequency  range  of  the  module.  It  was  concluded  that  this  peak  resulted 
from  resonance  of  the  module,  caused  by  random  engine  vibrations,  which 
was  fed  back  into  the  mounting.  Analysis  of  the  data  indicated  that  this 
peak  was  greatest  at  38, 500  revolutions  per  minute,  where  its  value  was 
1 . 85g's.  This  value  is  well  below  g  levels  where  suspension  failures  and, 
consequently,  engine- induced  vibration  problems  would  not  be  expected. 
However,  since  engine  vibration  characteristics  are  dependent  on  the 
complete  engine  package,  it  is  ecommended  that  specific  regenerator 
vibration  problems  be  solved  in  conjunction  with  the  intended  a;:plication. 
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STEEL  MESH  STIFFENING 

Figure  78.  Other  Suspension  Stiffening 
Modifications. 


SECTION  B-B 
(4  CORNEBS 
TYPICAL) 


SECTION  A-A 
(ROTATED  90‘  CCW) 


Figure  79.  Modified  Flexible  Suspension. 


100 

FOR  OFFICIAL  USE  ONLY 


bLLX. 


FOR  OFFICIAL  USE  ONLY 


Figure  80.  Crack  in  Modified  Suspension. 

TABLE  VI 

VIBRATION  TEST  OF  WAVY-TUBE  MODULE  WITH  MODIFIED  SUSPENSION 


Input 

Accel. 

te) 

Peak 

Response 

(g) 

Resonant 

Frequency 

(cps) 

Time 

At  Res.  Freq, 

1 

19 

480 

2 

29 

430 

3 

- 

420 

4 

30 

405 

2-1/2  Min. 

5 

43 

380 

2-1/2  Min. 

6 

47 

385 

4  Min. 

7 

53 

370 

•1  Min. 

8 

54 

355 

4  Min. 

9 

56 

350 

4  Min. 

5 

44 

(Retest) 

380 

Few  Secs. 

10 

60 

360 

5  Min. 

4 

41 

(Retest) 

380 

Few  Secs. 
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Thermal  Shock  Rig 

The  thermal  shock  rig  was  designed  as  a  multipurpose  rig.  The  primary 
functions  were  to  evaluate  the  ability  of  the  modules  to  withstand  thermal 
shock  and  to  determine  fouling  and  performance  characteristics.  A  sche¬ 
matic  of  this  rig  is  shown  in  Figure  81,  and  the  actual  hardware  is 
pictured  in  Figure  82.  This  rig  was  designed  to  use  up  to  2  pounds  per 
second  of  compressed  air.  Up  to  1.5  pounds  per  second  of  air  at  pres¬ 
sures  up  to  100  pound  per  square  inch  could  be  heated  by  burning  JP-5  in 
a  burner  of  the  type  used  in  a  small  gas  turbine  engine.  A  portion  of  the 
combustion  products  could  be  bled  off  and  mixed  with  high-pressure  air  to 
simulate  fluid  conditions  experienced  on  the  air  (cooler)  side  of  a  gas 


til 


•i' 

ORIFICE 


^  INLET  FROM 
^  COMPRESSOR 

{Jcj-Ci] - *-2  LB/SEC  (NOM) 

£0°  -  100°  F 


BURNER 

1800°  F  MAX  0 
^120  PSIG  MAX  1 

r 

X 

4 

1 

1  ^ 

-K> 


ORinCE 


-  EXHAUST 


J 


.2  -  .3  LE/SEC 
15  PSL\ 

1400°  F  MAX 

AIR - - 

.  2  -  .  3  LB/SEC 
100°  F  MAX 
100  PSIG 

0  -  DENOTES  ONE  OR  MORE 
THERMOCOUPLES 

0  -  DENOTES  PRESSURE  TAP 
LEAKAGE  MEAS. - - 


EXHAUST 


EXHAUST 


(MAnVA  CONTROL  AD.JUSTED  MANUALLY  TO  LINE  PRESSURE  CONDITIONS 
^CTIV  WHICH  ARE  AUTOMATICALLY  RETAINED 


Figure  81.  Thermal  Shock  and  Fouling  Rig. 
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turbine  regenerator.  This  flow  could  be  varied  between  0.  2  and  0.  3  pound 
per  second  at  pressures  between  55  and  100  pound  per  square  inch  and  at 
temperatures  between  400°  and  650° F.  A  range  of  temperature  of  the 
remaining  burner  flow  (simulating  turbine  engine  exhaust)  from  750°  to 
1350°F  could  be  achieved  by  regulating  fuel  flow  to  the  burner.  Part  of 
this  flow  could  be  diverted  to  the  gas  (high  temperature)  side  of  the 
module  by  a  butterfly  valve.  Gas  flow  through  the  test  section  could  be 
varied  from  0.  2  to  0.3  pound  per  second.  The  rig  could  be  operated 
through  ranges  of  mass  flow,  temperature,  and  pressure  to  simulate  all 
phases  of  engine  operation  from  idle  to  full  power.  The  only  condition  of 
the  model  engine  (2300°F  TIT,  10:1  pressure  ratio)  wliich  the  rig  could 
not  duplicate  was  the  air-side  pressure,  which  was  limited  to  100  pound 
per  square  inch  by  the  supply  pressure  available  to  the  test  cell.  During 
rig  operation,  the  presence  of  products  of  combustion  on  the  air  side  of 
the  modules  caused  partial  fouling  of  that  side,  a  condition  that  would  not 
normally  occur  in  actual  engine  operation.  It  should  also  be  noted  that  in 
each  test  a  single  module  was  subjected  to  simulated  regenerator  inlet  gas 
and  air  temperatures  rather  than  conditions  matching  the  two-pass  tem¬ 
peratures  for  which  the  modules  were  designed.  Therefore,  the  test 
imposed  considerably  higher  (more  severe)  temperature  gradients  than 
would  be  experienced  in  a  two-pass,  cross- counterflow  system,  and 
represent  an  extreme  test  of  structural  capability. 

Fluid  temperature  changes  through  the  module  were  determined  from  six 
thermocouples  at  each  fluid  inlet  and  outlet.  Each  thermocouple  repre¬ 
sented  an  equal  area  of  the  flow  passage  so  that  average  temperatures 
could  be  determined.  Air  and  gas  pressures  and  pressure  drops  across 
the  test  module  were  determined  from  static  pressure  taps  placed  in 
constant  area  sections  at  gas  and  air  inlet  and  outlet  sections.  Since 
entrance  and  exit  measuring  sections  were  of  equal  cross-sectional  area 
and  the  flow  Mach  numbers  were  on  the  order  of  0. 1,  the  pressure  drops 
could  be  considered  as  total  to  total.  Figure  83  shows  the  module  housing 
and  indicates  the  location  of  pressure  taps  and  thermocouples.  Mass 
flows  on  the  air  and  gas  sides  were  measured  with  calibrated  orifices. 
Table  VII  presents  a  description  of  testing  performed  on  this  rig,  and 
Tables  VIII  and  EX  show  the  test  schedules  of  the  first  straight-tube  and 
the  wavy-tube  modules.  The  second  straight-tube  module  was  subjected 
only  to  performance  tests,  similar  to  the  wavy-tube  module.  Appendix 
Vin  presents  data  sheets  typical  of  those  taken  on  thermal  shock  rig 
testing. 
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Figure  83.  Thermal  Shock  Rig  Housing  Showing  Instrumentation. 
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TABLE  VII 

DESCRIPTION  OF  THERMAL  SHOCK  TESTS 


‘  DKSC’HIPTION 

NO,  _ 

21  Pressure  Cheek 

Hold  pressure  and  flow  at  specified  levels  on  one  side  (air  or  gas). 
Ambient  temperature. 

23  Temperature  Check 

Hold  temperature  and  flow  at  specified  values  on  one  side,  i’ressure  at 
low  level  (close  to  ambient). 

;')-l  Temperature  Gradient  Ciieek 

Hold  temperature  and  flows  at  S])eeified  levels  on  tx)th  sides.  Hold 
pressures  close  to  ambient. 

:ii)  Performance  Measurements 

Hold  air  and  gas  temperatures,  flows,  and  pressures  at  speeifietl  values 
to  simulate  idle,  .30  pereent,  and  full-power  levels.  Hold  until  mea:  ure- 
ments  stabilize. 

4 2  Thermal  Shock 

Stabilize  at  specified  t  imperatures,  pressures,  and  flows.  I  hen  turn 
burner  off  and  on. 

1 3  Fouling  Tests 

Stabilize  at  temperatures,  pressures,  and  flows  to  simulate  idle, 

30  peivent,  aiui  full-power  setting.  Hold  at  eaeh  setting  for  s  hours. 

Cyclic  Test 


.Alternate  belween  idle  anel  full-power  setting.  lloUl  at  each  level  for 
si)eci!i  jtl  time.  Change  settings  as  rapidl}’  as  possible. 

Kndurance  Test 


Holii  at  specifieel  conditions  for  speeifieei  lime.  This  test  is  ik-sigued  to 
simulate  an  average  of  engine  power  settings. 
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TABLE  VIII 

FIRST  STRAIGHT-TUBE  MODULE 
THERMAL  SHOCK  AND  FOULING  TEST  PROGRAM 


RUN 

No. 

Press 

psiR 

AIR  SIDE 

Temp  Max.  Flow 
“  F  IbAsec 

Press 

psiR 

GAS  SIDE 

Temp  Max.  P’lo\ 
°  F  Ib/sec 

Prensure  Check 

[X> 

a)  Air  Side 

21 

3 

70 

0.3 

0 

70 

0 

22 

43 

70 

0.3 

0 

70 

0 

2;i 

100 

70 

0,3 

0 

70 

0 

b)  Gas  Side 

24 

0 

70 

0 

20 

70 

0.3 

Temperature  Check 

23 

f) 

300 

0.3 

0 

70 

0 

a)  Air  Side 

26 

5 

300 

0.3 

0 

70 

0 

27 

3 

700 

0.3 

0 

70 

0 

b)  Gas  Side 

2H 

0 

70 

0 

0 

300 

0.3 

29 

0 

70 

0 

0 

300 

0.3. 

30 

0 

70 

0 

0 

700 

0.3 

;il 

0 

70 

0 

0 

900 

0.3 

32 

») 

70 

0 

0 

1100 

0.3 

33 

0 

70 

0 

0 

1300 

0.3 

Temperature  Gradient  Check 

34 

10 

300 

0.3 

0 

300 

0.3 

a)  Air  and  Gas  Side  Combined 

33 

10 

300 

0.3 

0 

700 

0.3 

30 

10 

700 

0.3 

0 

900 

0.3 

i 

10 

700 

0.3 

i' 

i  100 

0.3 

3H 

10 

700 

0.3 

0 

1300 

0.3 

b)  Performance  Measurements 

39 

55 

400 

0.2 

0 

750 

0.2 

40 

H3 

330 

0.23 

0 

1030 

0.23 

41 

100 

»)30 

0.3 

0 

1300 

0.3 

Thermal  Shock 

42 

55 

400 

0.2 

0 

7  30 

0.2 

Air  and  Gas  Side  Combined 

43 

H3 

330 

0.'23 

0 

1030 

0.23 

44 

100 

030 

0.  3 

0 

1300 

0.3 

FiMjlinK  Test 

43 

55 

400 

0.2 

0 

7  ;>0 

0.2 

40 

S5 

330 

0.23 

0 

1030 

0.23 

47 

100 

r>.3o 

0.3 

0 

1300 

0.3 

4s 

100 

030 

0.  3 

0 

1300 

0.3 

411 

S3 

350 

0.23 

0 

1030 

0.23 

30 

55 

400 

0.2 

0 

730 

0.2 
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I 


TIME  BASE  TEST  TIME 

.Flow.  Rate  Hold  INCLUDING  TRANSIENTS 
^sec  see  min  Hours 


NOTES 


D.:5 
D.  1 
D.;l 
0.:J 
0.;j 
0.:5 

0.:5 

0.:5 

o.a 

r* .  i» 
H).;5 

0.2 

0.25 

0.2 

'0.2 

0.2'. 

0.2 


D> 


D:^ 


10 

10 

10 

10 

10 

10 

10 

10 

10 

10 


1/2 


4-1/2 


[!> 

iX^ 

[i> 

[J> 

rtr;> 


1  ^ 


[X> 


10 

10 

10 

10 

20 

4 

Idle  [3> 

20 

50'y 

20 

loo'T  [j^ 

10 

10  cycles 

10 

S-1/2 

10  cycles  [>> 

10 

10  cycles 

FLAG  IDENTIFICATION 


Change  prc;s.sures  and  temperatures  slow 

Leak  chock  after  each  ran  by  using  blind 
flange  on  '.as  inlet  and  bubble  test  on  gas 
outlet.  12.">  psia  on  air  side. 

Limit  airflow  so  pressure  drop  across  U 
module  does  not  exceed  ir>  in.  Hg. 

Limit  gas  flow  so  pressure  drop  across 
l(st  miKkile  does  not  exceed  40  in,  V>C. 

Turn  iiurn''t  on  and  oil. 

Weigh  clean  test  mcxlule  before  test;  wei 
module  after  each  run  if  fouling  occurs  a 
indicate^;  by  performance  change. 

Run  at  each  love!  for  20  minutes;  change 
between  levels  at  mxximuin  rate. 

Minimum  pressures  dictatiri  by  system 
back  pressure. 

Rim  at  idle  10  minutes,  lOO''!  power 
20  mitiutes;  change  conditions  as  rapidly 
as  possible. 


0.2 

0.25 

0.2 

0.2 

0.25 


4S0 
4  SO 
4  so 
4SU 
4S0 
4  SO 


Idle 

50T 

lOO'T 

lOOT 

.50T 

Idle 


D::- 


54-1/2 
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TABLE  DC 

WAVY-TUBE  MODULE 

THERMAL  SHOCK  AND  FOULING  TEST  PROGRAM 


RUN 

No. 

Press 

psig 

AIR  SIDE 

Temp  Max.  Flow 
“F  Ib/sec 

Press 

psig 

GAS  SIDE 

Temp  Max.  Flo 
"  F  Ib/sec 

Performance  Measurements 

39 

55 

400 

0.2 

0 

750 

0,2 

40 

■35 

550 

0.25 

0 

10.50 

0.25 

41 

100 

650 

0 ,  «j 

0 

1300 

0.3 

Thermal  Shock 

42 

55 

400 

0.2 

0 

7,50 

0.2 

Air  aid  Gas  Side  Combined 

43 

85 

550 

0.25 

0 

1050 

0.25 

44 

100 

650 

0.3 

0 

1300 

0.3 

Endurance  Test 

— 

100 

620 

0.3 

0 

1150 

0.3 

Cyclic  Test 

55 

400 

0.2 

0 

7.50 

0,2 

— 

100 

650 

0.3 

0 

1300 

0.3 

Fouling  Test 

45 

55 

400 

0.2 

0 

7.50 

0.2 

46 

85 

500 

0. 25 

0 

^  rv  r*  rv 

r\  or 

47 

100 

650 

0.3 

0 

1300 

0.3 

48 

100 

6.50 

0.3 

0 

1300 

0..3 

49 

85 

5.50 

0.25 

0 

1050 

''  25 

50 

55 

400 

0.2 

0 

750 

0.2 
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TIME  BASE 

ow  Rate 

Hold 

TEST  TIME 

3  sec 

min 

Hours 

NOTES 

FLAG  IDENTIFICATION 

30 

[|r>  Idle 

Cr>  Change  pressures  and  temperatures  slowly. 

30 

50% 

[|>  I^ak  check  after  each  run  by  using  blind 

30 

13 

100% 

flange  on  gas  inlet  &  bubble  test  on  gas 
outlet.  125  psia  on  air  side. 

10 

[|>  10  cycle 

[X>  Limit  airflov.'  so  pressure  drov  across  test 

[i>  10 

[jL>  10  cycle 

module  does  not  exceed  15  in.  Kg. 

10 

10  cycle 

[4>  Limit  gas  flow  so  pressure  drop  across 

test  module  does  not  exceed  40  in.  WC. 

Continues 

25.  5 

[5>  Turn  burner  on  and  off. 

Weigh  clean  test  module  before  test;  weigh 

10 

1 

module  after  each  run  if  fouling  occurs  as 

30 

indicated  by  performance  change. 

[2>  Run  at  each  level  for  30  minutes;  change 

8  hr. 

Idle 

between  levels  at  maximum  rate. 

8  hr. 

ijr^  50% 

Minimum  pressures  dicvatod  by  system 

O 

8  hr. 

8  hr. 

57 

[}:=■-  ioo7f 
£>  ioo''i 

back  pressure. 

Run  at  idle  10  minutes,  100'!','  po\.er  30  minutes; 

8  hr. 

[|>  50% 

change  conditions  as  rapidly  as  possible. 

8  hr. 

Idle 

2 
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Fouling  Tests 

Series  of  runs  of  the  thermal  shock  rig  to  evaluate  fouling  characteristics 
(deposition  of  combustion  products  on  the  heat  exchanger  surfaces)  were 
made  on  the  first  (straight-tube)  and  the  third  (wavy-tube)  modules.  These 
runs  lasted  8  hours  each  with  fluid  conditions  adjusted  to  simulate  idle, 
50-percent  power,  and  full  power  of  an  engine  with  design  points  of  2300"? 
TIT  (1316°F  exhaust  gas)  and  10:1  pressure  ratio.  Each  run  was  at  a 
fixed,  simulated  power  condition.  The  test  module  was  cleaned  pr  or  to 
the  start  of  each  run.  Cleaning  was  required  to  remove  the  carbon  b  oklup 
on  the  outside  (air  side)  of  the  tubes.  This  buildup  is  a  characteristic  of 
the  thermal  shock  rig  (as  previously  explained)  but  is  not  typical  of  engine 
operation.  After  the  last  run  of  the  straight-tube  module,  an  examination 
showed  that  excessive  carbon  deposited  on  the  outside  of  the  tubes  around 
the  sealing  pillow  had  ignited,  destroying  a  number  of  tubes,  the  pillow, 
and  part  of  the  su.spen.sion,  as  shown  in  Fi^pare  84- 


Figure  84.  Damage  to  First  Straiglit-Tube  Module  Due  to 
Combustion  of  Carbon  Outside  Tubes. 
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Figure  85  shows  the  effects  of  fouling  on  the  gfs  side  pressure  drop  of  the 
first  straight-tube  module  for  idle,  50-percent,  and  full-power  settings. 
Three  other  runs  were  taken  on  this  module,  but  deterioration  of  the 
burner  performance  cau.sed  them  to  be  unrealistic. 

Figure  86  shows  results  of  similar  tests  for  the  wavy-tube  module. 
Pressure  drop  did  not  increase  as  rapidly  as  that  of  the  straight-tube, 
primarily  due  to  the  improved  combustion  during  these  runs. 

The  gas  side  pressure  drop  is  a  good  criterion  of  fouling  because  it 
reflects  the  decreased  flow  area  due  to  deposition  of  a  film.  At  idle  con¬ 
ditions,  over  an  8-hour  period,  the  pressure  drop  continually  increased 
with  time.  At  50-percent  power,  the  pressure  drop  increased  and  then 
leveled  off,  indicating  that  an  equilibrium  was  reached.  At  full  power, 
there  was  no  fouling  at  all.  In  addition,  a  badly  fouled  module  rapidly 
cleaned  itself  upon  return  to  full  power,  as  indicated  by  the  dotted  line  in 
Figure  85.  This  cleaning  action  with  resumption  of  high  power  is  in  keep¬ 
ing  with  heat  exchanger  fouling  data  obtained  by  others  (Reference  6), 
indicating  that  deposits  of  carbon  and  heavy  hydrocarbons  can  be  dissipated 


RUN  NO. 

CONDITION 

KMm 

CONDITION 

45 

Wj^  -  0.  2  Lb/Scc 

47 

W„  =  0.  30  Lb/Sec 
o 

T„  '  750‘F 
o 

-  1300*F 

Cl 

Idle  Power 

100  Pet  Power 

46  W  0.  2S  Lb. 'Sec  NOTF:  TRACE  OF  SMOKE  VISIBILE  ON 

RUNS  45  AND  46.  RUN  47  CLEAR. 

•  1050*  F 
u 

50  Pet  Power 


FOULING  TEST  TIME  (III) 


Figure  85.  Gas  in  Tube  Fouling  Characteristics, 
Straight-Tube  Module. 
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RUN  NO. 
45 


CONDITION 

RUN  NO. 

CONDTTION 

W_  =  0.  2  Lb/Sec 
u 

47 

=  3  Lb/Sec 
o 

T„  =  750"F 

(j 

=  1300"F 

Cj 

Idle  Power 

100  Pet  Power 

46 


W-  =  0.  25  Lb/Sec 

NCTE;  TRACE  OF  SMOKE  VISIBLE  IN 
=  1050"F  COMBUSTION  PRODUCTS  ON 

^  RUN  45.  OTHER  RUNS  CLEAR. 

50  Pet  Power 


Figure  86.  Gas  in  Tube  Fouling  Characteristics, 
Wavy-Tube  Module. 


when  the  base  metal  temperature  exceeds  850® F.  It  can  be  concluded 
that  the  rate  of  pressure  drop  increase  is  a  function  of  combustion  clean¬ 
liness,  which,  in  turn,  will  determine  the  length  of  time  that  an  engine 
can  be  operated  under  fouling  conditions. 

Module  Performance 


Tests  were  run  on  the  second  straight-tube  and  the  wavy-tube  modules  to 
establish  the  level  of  performance  and  to  confi  'm  prediction  techniques. 
Fluid  conditions  for  the  tests  and  the  geometry  of  the  modules  are  pre¬ 
sented  in  Table  X.  Measured  performance  and  predicted  performance  of 
the  test  configurations  are  compared  in  Table  XI.  Table  XII  gives  a  com¬ 
parison  of  the  results  which  would  be  expected  if  the  testing  had  been  done 
on  a  two-pass  arrangement  with  the  modules  as  i»uilt. 

Dimensions  of  the  fabricated  modules  were  sized  to  be  compatible  with  the 
Boeing  T50  engine  cycle  rather  than  the  program  model  engine  cycle;  the 
reason  was  that  it  was  planned  initially  to  follow  up  the  module  development 
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TABLE  X 

MODULE  PERFORMANCE  TEST  Cl.)WDITIONS  AND  GEOMETRY 


Parameter 

Straight  Tube 

Wavy  Tube 

L  „  In.  /Lb /Sec 

no  flow,  specific 

15.05 

15.85 

L  .  In. 
air, 

4.50 

4.50 

L  In. 

gas, 

♦2.85 

2.85 

L  f «  In, 

no  flow, 

.3.96 

.3.96 

T  .  “F 

gas  in. 

1 260 

1247 

T  ,  “F 

gas  out. 

986 

960 

F  ,  Psia 

gas  out. 

16.  .3.3 

16.  9 

T  .  "F 

air, 

662 

654 

T  .  ,  "F 

air  out. 

10.56 

1074 

P  .  .  Psia 
air  in. 

114,7 

114.7 

♦For  airflow  through  the  module,  the  tube  length  dimension  was  leduccd 
to  2,  GJ.')  inch  from  the  2.  85  inch  due  to  excessive  brazing  alloy  flow 
between  tubes  near  each  end. 


TABLE  XI 

MODULE  SINGLE -PASS  PERFORMANCE 


.MOUL  LF 

h'FFKCTIVKNLSS 

(Percentage) 

.Measured  PredicttHl 

PhKSSl  KF  DHOP 
(Peix-entage) 

.Measured  Prt>diete<l 

Straight- Tube 

.56  .5J.  2 

4.  20 

4.  49 

Wavy-  Tube 

59.5  64.2 

•>.  3v» 

5.  28 
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TABLE  XII 

TEST  MODULE  EXPECTED  TWO-PASS  PERFORMANCE* 


MODULE 

EFFECTIVENESS 

(Percentage) 

Result  Based 
Prediction  on  Test 

PRESSURE  DROP 
(Percenage) 

Result  Based 
Prediction  on  Test 

Straight- Tube 

74  72 

9 

8.(5 

Wavy- Tube 

77.0  74..^, 

10.  f) 

10.7 

♦Results  e.xpected  if  test  n.odulcs  had  been  operated 
counterflow  arrangement. 

in  a  two-pass,  cross- 

with  the  manufacture  of  a  full-size  regenerator  to  be  tested  on  the  T50 
engine.  Also,  some  of  the  fluid  conditions  differed  slightly  from  those  of 
the  model  engine  cycle.  To  determine  the  module  dimension  which  would 
be  required  to  give  the  targeted  performance  with  the  model  engine  cycle, 
extrapolation  formulae  were  derived  (Appendix  EX). 

With  the  use  of  these  formulae,  test  data  for  both  the  straight-  and  wavy- 
tube  modules  were  extrapolated  to  a  two-pass,  c  ross-counterflow  design 
having  a  70-percent  effectiveness  and  a  6-percent  pressure  drop.  Table 
XIII,  which  presents  a  comparison  of  proposed  goals  and  expected  per¬ 
formance  (extrapolated  from  test),  shows  that  the  desired  performance 
level  can  be  obtained  with  a  20- inch,  no- flow  length  and  a  0.  21-cubic  foot 
per  pound  of  airflow  per  second  volume  with  straight  tubes  or  a  23- inch, 
no-flow  length  and  a  0. 19- cubic  foot  per  pound  of  airflow  per  second 
volume  with  wavy  tubes. 

Thermal  Shock  Tests  and  Structural  Behavior 


Tubes 


While  parts  of  the  thermal  shexk  testing  progium  were  arranged  specif¬ 
ically  to  subject  the  module  lo  severe  thermal  shock  for  a  finite  time,  the 
other  portions  of  the  test  program  also  accumulated  high  thermal  stress 
and  oxidation  corrosion  time  on  the  module.  It  is  therefore  appropriate 
to  examine  module  durability  with  regard  to  total  test  time.  A  total  of 
72  hours  was  accumulated  on  the  fir.st  straight-tube  module,  10  hours  on 
the  second,  and  95  on  the  wavy-tube  module.  T'es^i^g  of  the  second 
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TABLE  XIII 

EXPECTED  REGENERATOR  PERFORMANCE  BASED  ON 
EXTRAPOLATIONS  FROM  TEST  DATA 


Proposed 

Goals 

Straight- Tube 
Module 

Wavy- Tube 
Module 

Effectiveness,  Pet 

70 

70 

70 

Total  Pressure  Drop,  Pet 

6 

f) 

6 

Specific  Core  Volume,  Ft^/Lb/Sec 

0.20 

0.  21 

0.19 

Specific  Core  Weight,  Lb/Lb/Sec 

10 

11.3 

10.  2 

No  Plow  Length,  In/ Lb/Sec 

- 

20 

23 

Air  Flow  Length,  In. 

- 

4.9 

3.94 

Gas  Flow  Length,  In. 

- 

1.7 

1.64 

Performance  based  on:  Model  Engine  Cycle  (2300°  F  TIT,  10:1  PR) 

Two- Pass  C ross- Ccunterflow 


Straight-tube  module  in  the  thermal  shock  rig  consisted  only  of  perfor¬ 
mance  measurements,  adding  little  information  regarding  structural 
behavior. 

Table  VIII  is  a  tabulation  of  the  runs  to  which  the  first  straight-tube 
module  was  subjected.  Figure  37  is  a  history  of  the  module  leakage  rate 
versus  run  time.  When  the  module  was  received  from  Pyromet.  the 
leakage  (at  100  pound  per  square  inch  and  70’ F)  was  found  to  be  0.005 
pound  per  second.  After  run  38,  with  about  8  hours  of  accumulated  run¬ 
ning  time,  it  had  increased  to  0.030  pound  per  second.  Visual  inspection 
at  that  time  showed  that  approximately  18  cracks  had  occurred  in  tube 
walls  at  the  tube  and  brazed  joints.  These  cracks  led  to  the  stress 
analysis  described  previously,  which  indicates  a  high  thermal  gradient 
and  high  stress  in  this  region. 

After  completion  of  run  41,  more  damaged  tubes  were  found.  Five  of 
these  were  removed  and  given  to  the  metallurgical  laboratory  for  analysis. 
The  laboratory  found  fracture  surfaces  too  badly  oxidized  to  establish  the 
mechanism  of  failure.  However,  preferential  o:<idation  was  noted  along 
the  grain  boundaries  on  the  inside  ;uid  outside  of  the  tube.  This  observa¬ 
tion  1.  di'*ated  that  some  changes  had  occurred  in  the  microstructure  along 
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■END  OF  RUN  NO.  50  ; 
(TABLE  VIII) 

MODULE  NO.  1  -  STRAIGHT  TUBE  DESIGN 
WHICH  HAD  EXCESSIVE  BRAZING  ALLOY 

END  OF  RUN  NO.  41  ^TABLE  VIH) 

END  OF  RUN  NO.  50 
(TABL.E  DC) 


,  - 


/  : 

MODULE  NO.  3  -  WAVY- 

TUBE  DESIGN  WITH 
/  REDUCED  QUANTITY 
OF  BRAZING  ALLOY 


80 


90 


100 


Figure  87.  Module  Leakage  Rate  With  Test  Time. 


the  crystal  interfaces,  with  the  most  logical  explanation  being  that  chrom¬ 
ium  carbides  had  precipitated,  resulting  in  chromium  depletion  and  lower 
oxidation  resistance  in  these  areas.  The  suspected  cause  was  a  deficiency 
of  columbium,  which  had  been  noticed  in  earlier  tests  of  the  tubing.  /. 
second  condition  noticed  during  the  metallurgical  investigation  was  local¬ 
ized  oxidation  under  the  brazing  alloy.  This  oxidation  was  found  to  be  the 
result  of  a  chromium  deficiency  in  the  waii,  the  chromium  having  prefer¬ 
entially  diffused  into  the  brazing  alloy.  At  the  conclusion  of  run  50,  the 
first  module  was  again  removed  and  examined.  There  appeared  to  be  no 
further  tube  fractures;  however,  chere  was  damage  due  to  a  carbon  fire 
occurring  in  one  of  the  bypass  pillows  (Figure  84)  which  was  not  related 
to  module  construction.  This  condition  was  discussed  earlier  under  foul¬ 
ing  tests.  At  the  conclusion  of  10  hour.s  of  testing  of  the  second  straight- 
tube  module,  two  broken  tubes  were  noted.  The  damage  was  similar  to 
that  suffered  by  the  first  module  but  to  a  lesser  degree  because  of  shorter 
total  test  time. 
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Table  IX  gives  a  run  summary  for  the  wavy-tube  module.  At  the  c  onclu¬ 
sion  of  52  hours  of  testing  on  this  n^odule,  it  was  removed  for  inspection. 
No  cracked  tubes  were  noted,  and  tt^?Hj[^kage  rate  (0.002  pound  per  second 
at  100  pound  per  square  inch  and  TO/FTwIfSTssejiti^y  the  same  as  when 
the  module  was  first  received  (Fi^re  St).  The  reefed  amount  of  brazing 
alloy  used  in  the  assembly,  combined  "irith  the  lowc^*  sif  esses  of  the  wavy 
tubes,  apparently  reduced  the  maxinum  stress  to.«n  a^eptable  level.  At 
the  completion  of  the  remaining  testing  (fouling),  an  additional  43  hour^ 
had  been  accumulated  on  the  wavy-tube  module  (total  cf  O^hours).  The 
leakage  rate  had  increased  to  0.046  pound  per  second,  alt^gh  the  module 
appeared  to  be  in  good  condition.  Close  e-Kamination  show^  several  c 
broken  tubes  at  random  locations  just  behind  the  gas  inlet  fak  e  of  the  c'Ore 
(Figure  88).  Since  failures  did  not  occur  in  the  region  .of  ni^j mum  stress. 


1 

I 

i 


Figure  88.  \Vavy-Tui)e  Module  Leak  Positions, 
i' After  95  Hours) 
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it  was  concluded  that  some  other  condition  was  causing  tube  failure. 
Therefore,  sample  sections  of  some  of  the  br'>ken  tubes  v/ere  cut  from  the 
module  and  metallurgically  investigated.  Exd.uination  showed  intergran¬ 
ular  oxidation  at  the  region  of  the  fracture  (Figure  89).  Continued  studies 
led  to  the  conclusion  that  failure  was  caused  by  moderate  thermal  stresses 
in  tubes  severely  weakened  by  intergranular  oxidation.  Further  study  of 
the  oxidation  of  the  tube  indicated  that  there  were  complicating  factors 
involved. 

First,  there  was  some  evidence  of  chromium  carbide  precipitation.  As 
mentioned  earlier,  in  unstabilize'd  austenitic  stainless  steels  exposed  to 
temperatures  between  800°  and  1500°F,  the  carbon  present  in  the  alloy 
will  combine  with  chromium  and  precipitate  as  carbides  at  the  grain 
boundaries.  This  effectively  depletes  the  adjacent  areas  of  chromium, 
thereby  reducing  the  oxidation  and  corrosion  resistance  of  the  grain 
boundary  region.  Stabilized  austenitic  stainless  steels  contain  additives, 


Figure  89.  Intergranular  Oxidation  Near  Tube 
Fracture  Point. 
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columbium  in  the  case  of  type  347,  which  will  preferentially  combine  with 
the  carbon  and  thus  prevent  formation  of  chromium  carbides,  with  result¬ 
ing  depletion  of  chromium  at  the  grain  boundaries.  If  the  carbon  should 
exceed  the  supply  of  columbium  necessary  for  stabilization  (ten  times  the 
carbon  content),  then  the  type  347  stainless  steel  agsin  becomes  suscep¬ 
tible  to  chromium  carbide  precipitation.  Although  precautions  were  taken 
to  ensure  that  the  tube  material  purchased  was  correctly  stabilized,  some 
evidence  of  carbide  precipitation  was  evident  in  tubes  from  tests,  indi¬ 
cating  the  possibility  of  local  carbon  pickup 

Second,  some  tube  samples  showed  indications  of  sulfidation.  A  consider¬ 
able  amount  of  work  has  been  performed  at  the  Boeing  Turbine  Division  on 
the  phenomenon  of  sulfidation  observed  in  gas  turbine  alloys.  The  term 
sulfidation  attack  is  usually  associated  with  operation  in  marine  environ¬ 
ments,  where  salt  reacts  with  sulfur  from  fuels  to  form  sodium  sulfate. 
Sodium  sulf  .to,  either  with  or  without  some  unreacted  sodium  chloride, 
deposits  on  metallic  surfaces  and  initiates  erosive  attack.  Examination 
of  one  of  the  failed  tubes  from  the  wavy-tube  module  revealed  clear  indi¬ 
cations  of  sulfidation  as  shown  in  Figure  90.  The  areas  denoted  by  ’A" 
show  the  typical  gray-colored  •hromium  sulfides;  the  island- like  appear¬ 
ance  of  the  area  "B"  is  tyrico..  ir  the  advanced  stage  of  a  sulfidation- 
oxidation  attack.  Discussions  with  representatives  ol  Battelle  Memorial 
Institute  and  Phillips  Petroleum  Coi  poration  failed  to  produce  any 


Figure  90.  .Sulfidation  Attack. 
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information  on  sulfidation  in  austenitic  stainless  steels;  available  data 
appear  to  be  confined  to  nickel-  and  cobalt-based  alloys  at  temperatures 
of  1400° F  and  higher. 

It  has  been  found  that  localized  stresses  will  influence  the  rate  of  oxidation 
of  materials.  This  phenomenon  has  been  explained  as  follows: 

•  Increased  diffusion  rates  occur  within  the  stressed  areas,  thereby 
increasing  the  frequency  with  which  the  metal  and  oxygen  react. 

•  At  the  threshold  stress,  rate  of  metal  deformation  just  exceeds  the 
rate  of  growth  of  the  oxides. 

Since  all  tube  failures  have  been  observed  in  highly  stressed  regions,  it 
is  possible  that  the  localized  oxidation  was  accelerated  by  this  .stress. 

The  possibility  of  overheating  of  the  tubes  cannot  be  dismissed,  although 
there  was  only  one  knov/n  overheat  of  the  wavy-tube  module.  Tl  is  over¬ 
heat  involved  a  rise  in  the  gas  temperature  to  about  1600  °F  for  about 
15  seconds.  Because  of  the  short  duration,  this  condition  would  not  be 
expected  to  cause  failure. 

Regardless  of  the  mechanism  which  was  primarily  the  c  'use  of  the  oxida¬ 
tion  of  the  tubes,  it  appears  that  type  347  stainless  st^el  in  the  0.003-inch 
thickness  is  not  a  suitable  material  for  the  application.  In  view  of  these 
findings,  a  test  program  to  identify  a  better  tube  mat-^rial  was  initiated 
and  is  discussed  below  in  the  section  entitled  "Material  Corrosion  Tests.  ” 

Suspension 


During  high-temperature  testing,  the  flexiole  suspensions  also  were  under 
observation.  The  initial  design  periormed  satisfactorily  along  the  straight 
side  but  developed  wrinkle...  at  tiie  corners  which  caused  some  pin  holes  to 
develop.  To  correct  these  defects  and  the  problems  during  vibration  tests, 
the  flexible  suspension  was  modified  as  shown  in  Figure  79.  This  modified 
suspension  was  instalieo  on  the  second  straight-tube  module  prior  to  initia¬ 
tion  of  the  66-hour  T50  endurance  ^est  discussed  previously.  After  this 
test,  the  suspension  showed  no  visible  signs  of  damage. 

Material  Corrosion  Tests 


Because  of  the  oxidation  of  the  stainless  steel  tubing  during  thermal  shock 
and  fouling  tests  of  the  first  and  third  modules,  a  supplementary  research 
program  was  undertaken  to  verify  earlier  results  and  to  determine  a  more 
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suitable  material.  This  program  consisted  of  testing  combinations  of 
base  materials  and  brazing  alloys  under  conditions  simulating  an  advanced 
gas  turbine  engine  exhaust. 

The  rig  used  for  test  is  diagramed  in  Figure  91.  It  consisted  of  a  JP-5 
burner  (the  one  used  in  the  thermal  shock  rig),  a  plenum  chamber,  a 
rotating  specimen-holding  disk  and  an  exhaust  hood.  The  plenum  served 
to  distribute  a  semicircular  jet  of  hot  gases  equally.  TIjp  disk  rotated  in 
a  plane  at  right  angles  to  the  jet  at  2  revolutions  per  minute  and  the 
material  samples  were  mounted  so  that  they  alternately  passed  through 
the  jet  of  hot  gas  for  one-half  revolution  and  ambient  air  for  one-half 
revolution.  The  temperature  of  the  jet  was  maintained  close  to  1400°F. 
The  1400°F  temperature  was  selected  to  account  for  the  temperature  dis¬ 
tribution  which  is  typical  of  gas  turbine  operation. 

Five  materials  were  tested:  AISI  type  347  stainless  steel,  Hastelloy  X. 
Haynes  25.  Incoloy  800,  and  Inconel  625.  Most  of  the  samples  consisted 
of  two  pieces  of  like  material  brazed  together.  l  arent  materials  had 
thicknesses  of  0.003.  0.005,  and  0,008  inch.  Brazing  alloys  used  with 
these  materials  were  Palmansil  5  and  7,  1700  CN,  Nicrobraze  135  and 
200.  E  135.  and  Palniro  1. 

It  should  be  noted  that  while  no  difficulties  were  encountered  in  I'reparing 
the  type  347.  Hastelloy  X.  and  Haynes  25  samples,  brazing  difficuaies 
were  encountered  with  Incoloy  800  and  Inconel  625.  The  brazing  problems 
with  Incoloy  800  (poor  wetting)  were  alleviated  with  the  use  of  a  flux.  Use 
of  a  flux  did  not  solve  the  poor  flow  problems  in  Inconel  625. 

In  addition  to  the  foil  samples,  six  bundles  of  AISI  type  347  stainless  steel 
tubes  were  tested  with  various  brazing  alloys.  These  bundles  served  as 
a  basis  for  comparison  with  the  module  tests. 

Table  XI\'  presents  the  test  results.  The  table  shows  that  severe  oxidation 
occurred  on  all  stainless  steel  samples.  Hastelloy  X  showed  the  best 
oxidation  corrosion  resistance,  followed  by  Inconel  625  and  Haynes  25. 

The  best  brazing  alloys  were  Palniro  1,  Nicrobraze  200.  and  Nicrobraze 
125,  in  that  order.  When  consideration  of  brazing  alloy  cost  is  taken  into 
account.  Nicrobraze  200  would  be  the  best  choice.  The  best  combinations 
were  Hastelloy  X  with  Palniro  1;  Haynes  25  with  Nicrobraze  200;  and 
Hast^'lloy  X  with  Nicrobraze  200.  The  most  economical  combinations, 
Incoloy  800  with  Nicrobraze  200  or  Nicrobraze  135,  should  not  be  dis¬ 
counted;  they  merit  further  study  for  use  at  slightly  lower  temperatures. 
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TABLE  XIV 

RESULTS  OF  MATERIAL  CORROSION  TESTS 
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SAMPLE  NUMBER, 

HOURS  OF  EXPOSURE  TO  HOT  EXHAUST  CASES.  AND 
EFFECTS  EFFECT  ON  BRAZE  AND  PARENT  MATERIAL 
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TABLE  XIV  (Continued) 
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MANUFACTURING  RESEARCH 


The  concept  of  using  small  tubes  with  expanded  ends  to  form  a  heat 
exchanger  was  conceived  as  a  means  of  dealing  with  a  large  '’umber  of 
small  parts  by  automated  methods,  while  providing  high  performance  and 
structural  integrity.  The  elimination  of  header  sheets,  which  allows 
assembly  without  the  need  to  insert  a  large  number  of  tubes  into  precisely 
located,  close-tolerance  holes,  appeared  to  provide  the  requisites  for 
automated  fabrication  and  henco  for  low  cost  heat  exchanger  cc  struction. 

A  study  was  conducted  to  determine  practical  methods  of  automated  fabri¬ 
cation.  The  successful  fabrication  techniques  used  to  construct  the 
experimental  modules  clearly  showed  that  two  primary  areas  of  manufac¬ 
ture  needed  c.xtensivc  study; 

1.  The  fabrication  of  formed  tubes. 

2.  The  assembly  of  tubes  into  a  module  and  the  brazing. 

To  gain  a  better  understanding  of  the  magnitude  of  the  manufacturing  task 
and  to  identify  possible  high  cost  areas,  an  approximate  target  cost  of  a 
re  generator  in  production  was  established. 

Cost  Target 

From  these  studies,  a  regenerator  «:ost  of  $1,000  per  pound  per  second  of 
engine  airflow  was  established  as  a  target.  It  was  felt  that  one-half  of  this 
cost  should  be  allotted  to  tube  manufacture,  including  the  cost  of  raw 
tubing,  and  the  other  half  to  the  remaining  fabrication  and  asscml)ly. 

Since  there  are  33,000  tubes  for  each  pound  per  second  of  engine  airflow, 
the  target  cost  for  each  completely  formed  tube  is  $0,015.  The  remaining 
$500  per  pound  per  second,  therefore,  must  cover  module  assembly  and 
brazing,  fabrication  of  the  housing,  headers,  and  manifolds,  and  the  final 
assembly. 

Having  established  t.hese  target  costs,  it  was  then  necessary  to  analyze 
the  e.xpectod  actual  cost  of  the  different  items. 

E.xpected  Cost  of  Formed  Tubes 

To  establish  the  e.xpected  c<)st  of  mass-produced,  formed  tubes,  the 
e.xpcrience  gained  during  experimental  manufacturing  was  eoir.biued  with 
information  derived  from  e.xtensive  consultations  with  all  estai  tuije 

mills  in  the  United  States. 
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For  the  experimental  modules,  seamless  tubing  of  AISI  347  was  purchased 
in  random  lengths.  This  tubing  was  cut  to  the  required  length  by  electro- 
discharge  machining  (EDM)  to  obtain  a  tube  end  free  of  burrs  and  defor¬ 
mation.  Tests  indicated  that  the  burr-free  end  was  an  absolute 
prerequisite  for  the  subsequent  forming  of  the  ends  witfi  punch  and  die 
sets.  Tubes  manufactured  in  this  fashion  were  inherently  expensive, 
primarily  because  the  raw  tubing  in  randon.  lengths  costs  from  $0. 15  to 
$0.30  per  foot,  or  from  $0.05  to  $0.10  per  tube.  The  high  cost  of  the 
tui)ing  was  thus  identified  as  the  first  obstacle  in  achieving  the  established 
target  cost. 

Quotations  olitained  from  the  manufacturers  for  production  quantities  of 
AISI  347  tubing,  both  welded  and  seamless,  indicated  a  lower  limit  of  tube 
cost  of  approximately  $0.15  per  foot  in  quantities  of  2  million  feet  or  more 
per  order.  Since  this  far  exceeded  the  permissible  cost  (if  the  target  was 
to  be  achieved),  representatives  from  the  engineering  and  manufacturing 
departments  visited  all  the  prominent  tube  mills  (Su|)erior  Tube.  Uniforir 
Tube,  Bish  'p  Platinum  Works.  Tube  Division  of  Nuclear  Metals)  to  dis¬ 
cuss  the  pr.)l>lem  with  key  personnel  of  these  manufacturers. 

In  these  discussions,  it  was  established  that  all  tube  mills  use  the  same 
basic  process  for  the  manufacture  of  small-diameter  tubing.  This 
process  uses  standard  welded  or  seamless,  heavy-'vall  tubing  of  large 
diameter.  0.  25  inch  being  the  smallest  size  of  welded  tubing  produced 
today  on  a  production  basis.  This  larger,  heavy-wall  tubing  is  then 
reduced  by  successive  drawing  operations  until  the  required  diameter  and 
wall  thickness  are  attained.  Annealing  and  straightening  operations  have 
to  be  performed  between  draws  whenever  the  particular  material  has  work 
hardened  to  the  e.xtent  that  a  further  reduction  becomes  impractical. 

AISI  347  allows  several  (3  or  4)  draws  with  reductions  from  20  to  30 
percent  per  draw  before  annealing  is  necessary;  Hastelloy  X  must  be 
annealed  after  each  draw  of  from  10-  to  15-pcrcent  reduction.  Therefore, 
it  becomes  readily  apparent  that  this  manufacturing  process  by  its  very 
nature  is  e.xpensive.  Further,  it  was  indicated  that  increasing  the  quantity 
beyond  the  2  million  feet  per  order  mentioned  above  does  rot  contribute  to 
lower  costs.  The  reason  is  that  this  quantity  represents  the  largest  iot 
size  which  customarily  is  protessed  in  a  single  work  order. 

It  is  safe  to  assume  that  this  well-estab'ished  process  has  been  perfected 
to  the  ultimate,  because  in  the  United  States  alone,  the  yearly  production 
of  utility-grade,  AISI  304  hypotlermic  tubing  has  reached  a  volume  of  from 
300  to  500  million  feet.  The  market  is  highly  i  ompetitive.  Japanese  and 
European  manufacturers  with  their  lower  labor  costs  setting  the  going 
market  price  of  the  product.  Thus,  every  incentive  to  lower  the 
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production  costs  is  present;  and  it  is  unlikely  that  a  breakthrough  will 
of-cur  because  of  the  demand  for  regenerator  tubing. 

At  this  point  it  became  obvious  that  the  target  cost  for  the  formed  tubes 
could  never  be  attained  by  starting  with  tubing  produced  by  the  conven¬ 
tional  methods,  and  that  an  alternative  manufacturing  process  would  be 
necessary. 

All  the  conceivable  alternates  were  discussed  with  the  tube  manufacturers 
and  with  representative  companies  engaged  in  the  manufacture  of  high- 
volume,  small-size  articles,  such  as  fasteners,  eyelets,  and  costume 
jewelcy. 

One  tube  manufacturer  has,  under  the  pressure  of  foreign  competition, 
developed  a  new  proprietary  process  to  form  small-diameter  tubes,  with 
a  relatively  heavy  wall,  in  short  lengths  up  to  a  maximum  of  about  1.5 
inches.  This  manufacturer  attempted  to  form  regenerator  tubing  from 
Hastelloy  X  by  this  new  process  but  was  unsuccessful.  The  conclusion 
was  that  it  would  take  years  and  large  sums  of  money  to  develop  the 
process  for  the  desired  regenerator  pait.  This  conclusion  clearly  elim¬ 
inated  the  process  from  further  consideration,  at  least  for  the  foreseeable 
future. 

The  discussion  with  the  manufacturers  of  small  formed,  pressed,  or 
stamped  articles,  of  which  Carr  Fastener  was  a  typical  representative, 
yielded  equally  negative  results. 

Electron-beam  welding  of  the  small  tubing  directly  from  0.003-inch-thick 
strip  stock  was  discarded  as  impractical  tor  the  following  reasons:  the 
difficulties  encountered  m  achieving  proper  alignment  of  the  thin  edges 
before  welding;  the  necessity  of  operating  in  a  vacuum;  the  limited  speed 
of  the  welding  operation;  and  the  lack  of  a  practical  way  to  eliminate  the 
weld  bead.  Experience  has  shown  that  end  forming  of  tubes  with  any 
imperfection  is  impossible;  the  weld  bead  resulting  from  electron-beam 
welding,  no  matter  how  small,  would  constitute  such  an  imperfection. 

Electro-forming  of  the  complete  tube  was  eliminated,  not  only  because  the 
process  of  electro- depositing  of  a  heat-resistant  alloy  does  not  yet  exist, 
but  also  because  of  the  verv  basic  fact  that  the  metallurgical  structure 
resulting  from  electro- depositing  is  inherently  orittle.  This  brittleness 
is  overcome  by  cold-working,  which  leads  again  to  the  expense  of  drawing 
operations. 


131 

FOR  OFFICIAL  USE  ONLY 


FOR  OFFICIAL  USE  ONLY 


It  is  possible  that  a  powder  metallurgical  process  will  be  developed  in  the 
future  which  could  provide  a  method  to  manufacture  finish-formed  tubes 
directly.  At  present,  processes  of  this  type  are  not  yet  developed  to 
produce  parts  from  high-temperature  materials. 

The  results  of  the  overall  tube  cost  investigation  are  well  summarized  by 
the  following  quotation,  taken  from  a  letter  written  by  the  Superior  Tube 
Company  of  Norristown,  Pennsylvania,  on  September  8,  1965: 

".  .  .  We  understand  that  you  are  looking  for  fabricated  parts 
including  the  end  forming  in  the  neighborhood  of  one  cent  per 
piece.  All  our  efforts  up  till  this  time  indicate  strongly  that  such 
a  price  level  very  definitely  will  not  be  reached,  especially  since 
the  analysis  has  been  changed  from  the  more  commercially  avail¬ 
able  347  grade  to  seamless  Hastelloy  X.  We  are  still  actively 
pursuing  the  investigation,  however,  and  will  keep  you  advised  of 
our  progress.  We  felt  it  wise,  however,  to  go  on  record  again 
with  our  firm  belief  that  we  will  not  be  down  to  the  price  level  you 
feel  must  be  reached  to  permit  successful  development  of  the 
project.  Unfortunately,  we  cannot  even  hazard  a  guess  at  the 
moment  as  to  the  level  we  might  be  able  to  reach,  if  and  when 
quantity  production  is  ever  demanded  of  us  ...  ” 

Assuming  for  a  moment  that  an  ultimate  cost  of  $0. 15  per  foot  of  Hastelloy 
X  tubing,  or  $0.04  per  tube,  can  be  reached,  and  assuming  an  optimistic 
cost  for  end  forming  of  $0.01  per  tube,  the  most  optimistic  cost  per 
formed  tube  is  $0.05,  which  results  in  a  cost  for  the  formed  tubes  of 
$1,650  per  pound  per  second.  This  cost  exceeds  not  only  the  target  cost 
of  the  formed  tubes  by  more  than  a  factor  of  three,  but  it  exceeds  the 
target  of  the  whole  regenerator  by  65  percent. 

Expected  Cost  of  Module  Assembly  and  Brazing 

Simultaneously  with  the  investigation  of  the  cost  of  formed  tubes,  the 
assembly  and  the  brazing  of  the  modules  were  studied. 

The  present  methods  of  assembly  and  brazing,  as  used  in  the  experimental 
modules  with  many  hand  operations,  are  expensive.  Cost  of  $4800  per 
pound  per  second  of  engine  airflow  ($800  per  module)  in  large  quantities 
has  been  estimated  for  just  the  assembly  and  braze.  As  indicated,  an 
assembly  and  brazing  target  cost  of  well  under  $500  per  pound  per  second 
must  be  found  in  order  to  make  this  surface  competitive.  Therefore,  a 
considerable  cost  improvement  must  be  made. 
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While  some  research  on  mass  assembly  and  brazing  methods  has  been 
conducted,  an  economical  method  has  not  been  found  to  accomplish  this 
task.  On  the  basis  of  these  studies,  it  has  been  concluded  that  the  quantity 
production  manufacture  of  tubular  regenerators  having  tube  diameters  on 
the  order  of  0.060  inch  and  a  wall  thickness  of  about  0.003  inch  will  not 
be  feasible  in  the  near  future.  It  must  be  stated,  however,  that  future 
developments  and  demands,  although  not  foreseeable,  could  well  initiate 
the  breakthrough  necessary. 

A  quotation  from  one  brazing  specialist  in  September  1965  indicated  that 
the  brazing  cost  could  be  reduced  from  the  previously  quoted  $800  per 
module  to  $475  per  module  on  the  mass  production  basis  of  300,  000 
modules  per  year. 

This  cost,  although  representing  about  a  40-percent  improvement,  still 
would  result  in  a  cost  of  about  $2,  800  per  pound  per  second- -too  far  from 
the  target.  This  quotation  was  based  on  consideration  of  design  changes 
to  permit  app'*cation  of  the  brazing  alloy  on  the  outer  faces  of  the  tubes; 
use  of  induction  heating  or  quartz  lamp  heating  in  an  inert  atmosphere; 
and  changes  in  brazing  alloys.  It  should  be  noted  that  these  cost  figures 
are  for  assembly  and  brazing  of  the  modules  only,  and  do  not  include 
headers,  ducts,  or  housings. 
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CONCLUSIONS 


This  program  has  demonstrated  the  size  and  weight  advantages  of  using 
small  tubes  for  compact,  gas  turbine  regenerators.  It  has  been  shown 
that  the  design  targets  of  70-percent  effectiveness  and  6-percent  pressure 
drop  can  be  achieved  with  a  straight-tube  core  of  0.21  cubic  foot  per 
pound  per  second  with  a  20- inch  per  pound  per  second  no-flow  length  or  a 
wavy-tube  core  of  0. 19  cubic  foot  per  pound  per  second  and  23-inch  per 
pound  per  second  no-flow  length.  The  results  of  thermal  shock  tests  have 
indicated  that  the  design  has  potentially  good  structural  characteristics; 
however,  thin-walled  AISI  type  347  stainless  steel  tubing  was  shown  to  be 
an  unsuitable  material  for  use  in  an  exhaust  gas  environment  of  1300°  F 
and  above,  inasmuch  as  the  tubes  showed  severe  oxidation  after  relatively 
short  test  times.  Later  material  tests  show  that  Hastelloy  X  is  a  preferred 
material  for  the  application  when  brazed  with  Palniro  1  or  Nicrobraze  200. 
Haynes  25  and  Inconel  625  are  also  satisfactory  materials  for  use  in  an 
exhaust  gas  environment  up  to  1400°  F. 

Ways  to  manufacture  this  type  of  heat  exchanger  at  reasonable  mass 
production  costs  have  not  yet  been  found.  The  primary  area  of  high  cost 
has  been  identified  as  the  manufacture  of  the  tubing  itself,  and  this  prob¬ 
lem  must  be  overcome  first.  The  other  potential  problem  is  in  the 
assembly  and  brazing  of  the  module;  within  the  scope  of  the  program, 
feasible  methods  have  not  been  uncovered.  To  assess  accurately  overall 
assembly  costs,  far  more  extensive  research  of  possible  automated 
techniques  will  be  necessary. 
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RECOMMENDATIONS 


Due  to  the  projected  high  cost  of  manufacturing  this  tubular-type 
regenerator  in  mass  quantities,  Boeing  recommended  that  development 
work  be  suspended.  Because  the  program  has  demonstrated  that  good 
performance  can  be  obtained  from  a  compact,  lightweight  heat  exchanger 
and  because  it  has  shown  a  potential  for  good  structural  behavior  under 
severe  thermal  shock,  a  monitoring  of  applicable  new  manufacturing 
processes  should  be  continued.  In  the  event  that  new  and  unforeseen 
methods  of  fabrication  are  discovered  to  enhance  the  future  of  the  concept, 
it  is  recommended  that  the  small-tube  design  be  re-examined  for  improve¬ 
ments  in  end  costs.  Manufacturing  breakthroughs,  combined  with  one  of 
the  suggested  materials,  could  make  this  tubular  heat  exchanger  design  of 
great  value  to  the  gas  turbine  industry;  this  is  particularly  true  in  aircraft, 
where  light  weight  and  small  size  are  prime  factors  in  logistics. 
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APPENDIX  I 

ANALYSIS  OF  MODIFIED  SURFACES 


WAVY  TUBES 


In  most  cases,  producing  turbulence  in  pipes  will  increase  the  friction 
factor  (and  pressure  drop)  and  will  increase  the  heat  transfer  coefficient 
by  similar  amounts.  However,  this  situation  will  not  hold  for  increases 
in  the  apparent  fr'ction  factor  caused  by  local  constrictions.  For  curved 
tubes  without  constrictions,  some  turbulence  could  be  expected  with  an 
increase  in  both  heat  transfer  coefficier.t  and  friction  factor  due  to 
secondary  flows. 

For  any  pipe  flow,  it  is  recognized  that  the  velocity  of  the  fluid  is  highest 
near  the  tube  center  and  lowest  at  the  tube  walls  due  to  the  formation  of  a 
boundary  layer  at  the  wall.  In  a  curved  pipe,  the  fluid  at  the  center 
experiences  a  greater  centrifugal  force  due  to  its  higher  velocity.  As 
shown  in  Figure  92,  the  curvature  causes  secondary  flows  in  the  tube  — 
the  fluid  flow  outward  in  the  tube  center  and  inward  along  the  walls. 


Figure  92.  Secondary  Flows  in  Curved  Tube. 


Reference  7,  pages  529-530,  discusses  this  behavior  further  and  presents 
the  following  formula  for  increase  in  friction  factor  for  flow  in  curved 
tubes: 


^  =  0.37  (Njj)®-^® 
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where  Nq  ,  the  Dean  Number,  is  defined  as 


Np  is  the  pipe  Reynolds  'number,  R  is  the  radius  of  the  pipe,  and  r  is  the 
radius  of  curvature  of  the  pipe. 

In  the  case  of  the  1-cycle  wavy  tubes  used  for  the  program, 
r  =  1.22  inches 
R  =  0. 027  inch 

At  a  laminar  Reynolds  number  of  1000, 

X  1000^/m 

73.  5 

j-  =  0.37  (73.5)®-^® 


D 

D 


This  calculation  indicates  a  70-percent  increase  in  friction  factor,  and  a 
corresponding  increase  in  heat  transfer  coefficient  would  be  expected. 

The  lowest  performing  wavy  tube  considered  was  the  1 /2-cycle  or  bowed 
tube  which  had  an  R/r  of  0.0046.  However,  it  still  indicated  a  30-percent 
increase  in  friction  factor. 

It  should  be  mentioned  that  the  results  of  the  single-tube  tests  confirmed 
the  above  analysis. 

SURFACE- ROUGHENED  TUBES 


Work  on  surface- roughened  tubes  in  the  past  (Nikuradse  and  others. 
Reference  7,  page  521)  has  been  mainly  concerned  with  turbulent  flow  in 
which  relatively  small  particles  can  have  significant  effects.  The  largest 
particles  studied  previously  (3  percent  of  the  tube  inside  diameter)  have 
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very  little  effect  at  low,  laminar  Reynolds  liumbers  (under  2000).  In  order 
to  cause  mixing  in  laminar  flow,  which  is  quite  stable,  quite  large 
particles  would  be  required. 

The  analysis  used  to  determine  the  minimum  particle  size  necessary  to 
produce  mixing  is  as  follows:  The  particle  is  assumed  to  be  a  sphere 
which  has  a  Reynolds  number  determined  by  its  diameter  and  the  local 
stream  velocity  at  one-half  the  particle  diameter  from  the  wall  (Figure  93). 
It  is  further  assumed  that  worthwhile  mixing  will  not  occur  until  a  wake 
region  is  established  behind  the  sphere,  which  is  taken  to  be  a  particle 
Reynolds  number  of  70  (based  on  informatio.i  in  Reference  7,  page  17). 


Figure  93.  Surface  Roughness  in  Tube. 


From  Reference  7,  pages  68-69,  the  formula  for  the  laminar  velocity 
distribution  in  a  pipe  can  be  derived  as: 


u  =  2V  1 


where  u  is  the  local  velocity,  V  is  the  mean  velocity,  r^  is  the  pipe  radius, 
and  r  is  the  distance  from  the  pipe  axis. 
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Assuming  a  particle  of  1/10  the  tube  inside  diameter,  it  protrudes  a 
distance  of  1/5  Cq.  The  distance  from  the  tube  axis  to  the  particle  center 
is  then  0. 9  rg,  so 


u  =  2V  1 


(0.9)2 


u  =  0.38V 


The  Reynolds  number  of  the  pipe  is 


and  of  the  particle 


N 


R  pipe 


pVD 


part. 


pud 

P 


p  and  ^  are  the  same  for  the  particle  and  the  pipe,  so 


^Rpart.  ■  ^R  pipe  (d)  ""  (v) 
At  a  pipe  Reynolds  number  of  2000, 

NRpart^  =  2000  (1/10)  (0.38) 


N 


R  part. 


76 


For  d/D  =  0. 1,  therefore,  the  influence  of  surface  roughness  will  not  be 
significant  until  Nj^  =  2000. 

For  a  particle  of  1/5  the  tube  diameter  at  Nj^  p-p^  =  2000, 


^R  part. 

At  p.p^  =  1000  and  d/D  =  1/5, 

^R  part. 


288 


144 


The  conclusion  reached  was  that  the  particles  of  at  least  1/10  the  tube 
inside  diameter  would  be  required  to  produce  turbulence  and  that  particles 
of  1/5  the  tube  diameter  would  be  more  than  sufficient. 
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The  tests  did  not  show  quite  the  expected  results,  however.  The  particles 
evidently  did  produce  local  turbulence  which  caused  the  flow  to  become 
fully  turbulent  at  low  Reynolds  numbers  (1000  -  1500)  with  consequent 
increases  in  pressure  drop  and  heat  transfer  coefficient.  However,  at 
Reynolds  numbers  below  the  point  of  transition,  there  was  little  effect  at 
all  (not  the  modest  increases  expected).  It  is  possible  that  increases  in 
the  heat  transfer  in  this  region  were  masked  by  the  insulating  effect  of  the 
glue  used  to  retain  the  particles. 
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APPENDIX  II 

EVALUATION  OF  TUBE  WALL  TEMPERATURES 


Separate  methods  for  two  different  parts  of  the  heat  exchanger  were  used 
to  evaluate  the  temperatures  of  the  tube  walls.  The  first  method  was  used 
where  the  tube  sees  air  and  gas  on  opposite  sides  of  the  tube  wall  and  sees 
no  effect  from  the  tube  end.  The  second  method  was  used  for  the  region 
of  the  expanded  end  of  the  tube. 

METHOD  1  (ALL  EXCEPT  TUBE  END) 

Consider  the  tube  shown  in  Figure  94  with  interior  and  exterior  fluid 
temperatures,  heat  transfer  coefficients  and  areas. 


AIR 


T.,  h  . 
A  /k 


T 

y-  w 


Figure  94.  Tube  Section 
Showing  Heat  Transfer 
Nomenclature. 


The  heat  transfer  from  the  gas  to  the  tube  wall  is 

and  the  heat  transfer  from  the  wall  to  the  air  is 


with  equilibrium 


^*2  ^A^A  '  ^A^ 


^A^A  ■  ^A^  “  ^G^G  ^^G  ' 


(1) 

(2) 

(3) 
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Rearranging  equation  (3)  gives 


W  +  h^A^) 


G  G' 


This  equation  thus  calculates  the  local  wall  temperature  as  a  function  of 
the  local  fluid  temperatures.  The  wrap-around  regenerator  computer 
program,  discussed  earlier,  has  this  equation  incorporated  and  thus 
calculates  equilibrium  tube  wall  temperatures. 

METHOD  2  (TUBE  ENDS) 

Consider  the  tube  end  pictured  in  Figure  95  with  the  attached  brazing 
alloy.  For  this  problem,  it  is  assumed  that  the  tube  end  com.os  up  lo  thj 
temperature  of  the  entering  gas.  This  is  a  reasonable  assumption,  since 
the  end  has  little  area  exposed  to  the  airstream  and  since  heat  transfer 
coefficients  on  the  gas  side  are  high  because  a  boundary  layer  is  not  yet 
fully  developed. 


GAS 

FLOW 


Figure  95.  Tube  End  Showing  Heat 
Transfer  Nomenclature. 


Figure  96  shows  the  manner  in  which  the  problem  was  set  up. 
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Figure  96.  Tube  Wall  Section  Showing 
Nomenclature. 


T^y  1  was  assumed  to  be  equal  to  the  gas  inlet  temperature  and 
equal  to  the  equilibrium  temperature  which  would  be  calculated  by 
Method  1.  The  distance  between  T\y  ^  and  T^^  must  be  long  enough  so 
that  the  method  calculates  values  of  equal  to  T^  a  substantial  dis¬ 
tance  to  the  right  of  box  N  (on  the  order  of  half  the  distance  between  Box  1 
and  Box  N).  That  is,  dT\y/dx  =  0  halfway  between  Box  1  and  Box  N.  If 
this  is  not  the  case,  the  distance  is  too  short  and  must  be  lengthened  for 
this  problem;  the  distance  used  is  0.  3  inch  (100  times  t),  which  was 
adequate. 

Figure  97  shows  the  energy  flows  on  a  typical  box,  denoted  I. 
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Applying  conservation  of  energy, 

27rR41hQ(TQ  -  j)  +  —  2n-Rt(T^  j)  = 


which  with  some  rearrangement  gives 


(-iihg)  +  T^(4ih^) 


If  N  =  100,  there  are  98  such  equations  and  two  boundary  conditions 

T  =  T 
W,  1  G  inlet 

^W,  100  ~  equilibrium 

This  set  of  equations  was  solved  with  the  use  of  a  standard  matrix  solving 
computer  program,  giving  the  result  shown  in  Figure  38.  The  values  of 
the  constants  were: 

=  11.0  Btu/Hr  -  Ft  -  'F 
t  =  0. 003  In. 

41  =  0.003  In. 

h.  =  200  Btu/Hr  •  Ft2  -  ®F 
A 

=  50  Btu/Hr  -  Ft2  -  “  F 

\J 
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APPENDIX  III 
STRESS  CALCULATIONS 

NOMENCLATURE  FOR  STRESS  ANALYSIS 
A  Area 

Dq  Tube  outside  diameter 
E  Modules  of  elasticity 

e  Basis  of  natural  logarithm 

F  Force 

H  AH  =  differential  expansion  between  module  and 
housing,  in  direction  L^ 

I  Moment  of  inertia 

K  Beam  stiffness  per  unit  length 

L^  Length  of  module  in  the  airflow  direction 

M  Moment,  or 

moment  per  unit  width 

p  Pressure 

Q  Shear  force 

R  Radius 

T  Temperature 

t  Wall  thickness 

X|  Pitch  of  tube  spacing,  transverse 

Xj  Pitch  of  tube  spacing,  longitudinal 

z  Distance  from  neutral  axis  to  extreme  fiber 
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In.  2 

In. 

Psi 

Lb 


in. 

In.  ^ 

Lb 

In. 

In. -Lb 
In, -Lb/In. 
Psi 
Lb/In. 

In. 

°F 

In. 
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a 

Coefficient  of  thermal  expansion 

In./In. °1 

/3 

Inverse  of  wave  length 

1/In. 

6 ,  A 

Prefix,  denotes  small  increment  of  following  unit 

- 

6 

Angular  deflection 

Radians 

V 

Poisson's  ratio 

- 

a 

Normal  stress 

Psi 

T 

Shear  stress 

Psi 

SUBSCRIPTS 

B 

Bending 

H 

Hoop 

M 

Mean 

opt 

C^timum 

tot 

Total 

Additional  symbols  and  subscripts  are  defined  in  the  text,  where  used. 


COMPRESSIVE  HOOP  STRESS  IN  TUBE 

When  a  tube  is  subjected  to  external  pressure,  its  wall  develops  a  com¬ 
pressive  stress.  Such  a  stress  is  commonly  known  as  a  hoop  stress  and 
can  be  evaluated  from  formulas  such  as  the  following  (Reference  8, 
page  268): 


where  p  is  the  tube  outside  minus  inside  pressure. 
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fflGH 

PRESSURE 

OUTSIDE 


Figure  98.  Sketch  Showing 
l.oading  Creating  Hoop  Stress. 


At  the  model  engine  (2300°  F  TIT,  10:1  PR)  design  point, 
p  =  147  -  14.7  =  132.3  Psi 

R  =  (0.060  -  0.003)/2  0.0285  In.  =  mean  radius 

t  =  0.003  In.  =  tube  wall  thickness 
Substituting: 


=  1257  Psi 

ELASTIC  STABILITY  OF  TUBE  WALL 


If  the  external  pressure  on  a  tube  becomes  too  great,  it  is  possible  for  the 
wall  to  buckle.  The  pressure  needed  to  cause  budding  can  be  calculated 
from  a  formula  given  in  Reference  8,  page  318. 

For  this  configuration, 

E  =  28.  X  10®  Psi 
V  =  0.3 


I  =  2.85  In. 
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0.43  <  2.85 


p'  =  8972.0  Psi  =  pressure  level  that  would 

produce  buckling 


Since  the  actual  pressure  in  service  will  be  about  132  pound  per  square  inch, 
the  tube  wall  is  stable  and  there  is  no  danger  of  buckling. 


LONGITUDINAL  TENSILE  STRESS  DUE  TO  PRESSURE 


As  shown  in  Figure  99,  the  end  plate  of  a  tube  module  consisting  of  the 
expanded  ends  of  the  tubes  is  subjected  to  a  pressure  imbalance.  This 
imbalance  is  compensated  for  by  tension  in  the  tube  walls. 


LOW 

HIGH 

LOW 

HIGH 

LOW 


UNIFORM 

LOW 

PRESSURE 


Figure  99.  Sketch  Showing 
Loading  Creating  Hydraulic 
Imbalance. 


For  each  tube,  the  area  over  which  this  differential  pressure  acts  is 
shown  in  Figure  100.  It  is  given  by  the  formula 

A  =  X.X,  D„^  -  -J  D^^ 
t  I  o  4  o 


AREA  OF 
PRESSURE 
IMBALANCE 


Figure  100.  Sketch  Showing 
Area  of  Differential  Pressure. 
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The  force  per  tube  is  then 

and  the  stress  is 


a 


_ PA 

^Tube  Wall 


pD  ^ 
7r\  o 

4/2;rRt 


For  the  model  engine  design  point. 


Substituting: 


^t  = 

1.5 

1.0 

D  = 
0 

0.060 

In. 

P  = 

132.3 

Psi 

R  = 

(D  - 
o 

t)/2  =  0.  0285  In. 

t  = 

0.003 

In. 

o  =  634  Psi 


STRESS  FROM  BENDING  OF  TUBES  DUE  TO  UNEVEN  THERMAL 
EXPANSION 

In  normal  steady-state  operation  of  a  tubular  regenerator,  the  mean 
temperature  of  individual  tubes  increases  in  the  airflow  direction.  The 
hotter  tubes  expand  more  than  the  cooler  tubes,  and  it  is  expected  that  a 
deformation  like  Figure  101  will  result.  The  curved  shape  of  the  tubes 
which  results  will  cause  a  bending  stress  to  develop  in  the  tube  wall. 

For  a  tubular  regenerator  with  a  21.5-inch  no-flow  length,  a 4.  l-in.?irflow 
length,  and  a  1.  5- inch  gas- flow  length,  the  mean  tube  temperatures  as 
functions  of  y  have  been  calculated  (by  means  of  the  wedge-shaped 
regenerator  computer  program). 
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t  airflow 


GAS 

FLOW 


Figure  101.  Exaggerated  Bowing 
of  Tubes  due  to  Thermal 
Gradient.  (Exaggerated  for 
illustration) 


These  values  are: 


y  (In. ) 

T  ( 

Mean  ' 

0 

924 

0.205 

939 

0.41 

953 

0.615 

967 

0.820 

981 

1.025 

994 

1.230 

1006 

1.435 

1018 

1.640 

1030 

1.845 

1041 

2.050 

1052 

2.255 

1063 

2.460 

1073 

2.665 

1082 

2.870 

1092 

3.075 

1101 

3.280 

1109 

3.485 

1118 

3.690 

1125 

3.895 

1133 

The  maximum  gradient  which  results  in  the  y  direction  is  15“  F  over  0.  2^5 
inch  or  73.  4^  F  per  inch. 
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If  two  adjacent  tubes  are  examined  as  in  Figure  102,  it  can  be  seen  that  an 
angle  2  9  results. 


Figure  102.  Bowing  of 
Tubes. 


The  elongation  of  a  tube  is 

61  =  la^T;  /IT  =  T  -  T 

o 

where  a  is  the  coefficient  of  thermal  expansion. 

The  differential  change  in  length  between  the  two  tubes  is 

d(3l)  =  ta  (Tj  -  T2) 

where  the  subscript  1  denotes  the  hotter  tube  and  2  denotes  the  colder  tube. 
If  p  denotes  the  radius  of  curvature  of  the  inner  tube,  then 

A{6l)  =  (p  +  4y)  29  -  p  29 
4(61 )  =  29Ay 

and 

4(61)  _  ^”(^1  -  Tg) 

®  ■  24y  “  24y 
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Since 


T  -  T 

VI _ [2  ^  £r 

Ay  dy 


then 


1  dT , 

'’=2“d7' 


For  a  uniform  tube  in  bending, 
EI2d 


M 


and 


so 


and 


a  = 


MR 


I  Eq.  5.4,  page  114,  Reference  9, 
j gives  M  =  EI/R;  since  1  =  2R0,] 
( the  equation  at  left  results. 


(Reference  9,  page  114,  Eq.  5.5) 


<T  = 


E$R 


<r  =  ER  a 

dy 


For  this  configuration, 

E  =  23  X  106  Psi 


R  -  0.0285 
a  =  10-5  in./in.-°F 


^  =  TS.S'F/In.  (maximum) 

‘max  =  23  X  10®  x  lO*®  x  0.0285  x  73.5 


„  =  480  Psi 
max 
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SHEAR  STRESS  AT  TUBE  END  (RESULTING  FROM  BENDING  ABOVE) 

The  above  bending  also  must  be  taken  by  the  expanded  ends,  which  results 
in  a  shear  stress.  Figure  103  pictures  this  type  of  loading  at  the  end. 


Figure  103.  Region  of 
Shear  Forces  at  Tube 
End. 


From  the  above, 


For  this  problem, 


^  I  ciT 
®  =  2“dY 


M  = 


E_^ 

~1 


E  23  X  10®  Psi 
I  -  21.8  X  10‘®  In.4 
1=1.5  In. 


then 

9  -  X  10”®  X  73.5  =  5.5  X  10"®  Radians 

and 

23  X  10®  X  21.8  X  10-®  X  55.0  x  10“®  x  2 

M  . 

M  =  3.7  X  10'*^  In.-U) 
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Also, 


M  -  FX-  D 
I  0 

F  =  M/(Xjj  Dq) 


F  = 


3.7  X  10-3  Lb 
0.060  X  1.0 


=  60  X  10-3  Lb 


T  -  ^  =  shear  stress 
A 


r  = 


max 


60  X  10 


-3 


1.5  X  0.060  X  0.075 
22  Psi 


STRESSES  IN  CURVED  TUBES 

One  of  the  reasons  that  wavy  tubes  were  considered  for  this  program  is 
that  when  subjected  to  axial  loads,  they  are  springy  and  require  less  force 
to  compress  axially  and  have  lower  resulting  stresses  than  straight  tubes. 
This  was  demonstrated  by  means  of  Spielvogel’s  Theorem,  whicn  is 
described  in  Reference  2,  pages  323-325.  Consider  the  curved  pine  shown 
in  Figure  104.  The  pipe  is  built  in  at  one  end  and  is  subjected  to  loading 
at  the  other  end  with  forces  X^  and  and  bending  moment  M^. 


Figure  104.  End  Loading  on 
Wavy  Tube. 


If  Xq  and  Yq  are  the  coordinates  of  the  center  of  gravity  of  the  pipe  con¬ 
sidered  to  be  of  "weight"  1/EI  per  unit  length,  then  Ij^q,  lyQ  and  I^^yQ  are 
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the  moments  and  product  of  inertia  of  the  pipe  about  axes  through  the 
center  of  gravity  xq  and  yq.  The  theorem  states: 


‘  -  'xyc’^o 

=  'yo’^o  -  ’xyG^'o 


M  =  x„Y  -  y  X 
o  Go  go 


(a) 


This  problem  was  solved  for  the  1-c  wavy  tubes.  The  following 
demonstrates  the  method. 

As  shown  in  Figuic  105,  the  point  xq,  Yq  is  through  the  center  of  the  tube 
fronri  symmetry. 


Figure  105.  Evaluation  of  Moments 
of  Inertia  of  Wavy  Tube. 


The  moments  and  products  of  inertia  were  evaluated  graphically,  as 
shown  in  Figure  105, 


I  =  Y—  y^ 
X  ^  El  y 


I 


41 


Y-^  X 
El 


xy 
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The  resulting  solution  for  the  wavy  tube  shown  in  Figure  104  with 
E  =  23  X  IQO  Psi  and  I  =  21.  8  x  in.4  js 


=  0. 00322  In./Lb 
I  =  0. 475  In./Lb 

y 

I  =  0.0185  In./Lb 
xy 

4y  =  0  for  the  assumed  type  of  loading  (thermal 
expansion)  substituting  into  equations  (a) 
and  rearranging. 

X  =  400ix 
0 

Y  =  -154x 
o 

Mq  =  -22.54X 

These  correspond  to  point  O  in  Figure  104.  The  minus  signs  denote 
opposite  sense  from  Figure  104. 


Xq  is  the  end  load  per  tube  for  a  deflection  ^Ix.  M  is  a  maximum  for  the 
tube  at  point  3,  and  has  the  value  37.74x  inch-pound. 


For  a  beam  in  bending, 


<r  = 


Mz 

I 


for 

z  =  0.030  In.  (tube  outside  radius)  and  I  =  21.8  x  10"®  In.^ 

<r  =  5.2  X  1064x 

To  this  must  be  added  the  simple  compressive  stress  due  to  the  end  load. 
The  cross-sectional  area  of  the  tube  wall  is 

A  =  (P.  ^  -  R.^)  =  5,35  X  10-4  In.2 

and  the  compressive  stress  is 

a  =  T.  =  ^  ^  - 1^2 -  =  0.75  X  10®4x  Psi 

comp  A  A  5  35  X  10"4 

i  ^  7 
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so  the  total  maximum  stress  is 


a  =  (5.2  +  0.75)  lO^/lx 
max 

ft  =  5.95  X  10®/lx  Psi 
‘'max 


For  a  straight  tube  in  simple  compression,  with  E  =  23.0  x  10®  Psi, 


Ax  X  23  X  10® 


=  7.7  -  10®4x,  Psi 


For  the  end  load  on  a  straight  tube, 


F  -  <tA 


F  =  7.7  X  10®  X  5.35  x  lO'^ 


F  =  4100/lx 


so  the  ratio  of  the  wavy-tube  to  straight-tube  end  loads  is 


F  wavy  _  400 
F  straight  ~  4600 


=  0.087 


STRESS  DUE  TO  HIGH  THERMAL  GRADIENT  AT  TUBE  END 


Description  of  Problem 

If  there  exists  a  heavy  accumulation  of  brazing  alloy  at  the  tube  end  as 
shown  in  Figure  106,  the  tube  behaves  as  a  built-in  column.  As  discussed 
previously  in  the  analytical  studies  of  this  report,  the  equilibrium  tem¬ 
perature  of  the  tube  wall  is  much  lower  than  the  temperature  of  the  ends. 
The  brazing  alloy  is  approximately  at  uniform  temperature  due  to  its  high 
area  for  inteimal  conduction.  Since  the  tube  wall  is  thin,  it  permits  little 
axial  conduction;  consequently,  a  high  temperature  gradient  exists.  As 
shown  in  Figure  107,  the  tube  tries  to  assume  a  conical  shape.  The 
brazed  end,  being  at  a  uniform  temperature  and  quite  rigid,  holds  the 
tube  cylindrical.  The  forces  cause  the  tube  wall  to  take  a  sharp  bend  at 
the  intersection  and  result  in  a  high  stress.  The  temperature  gradient 
was  calculated  by  the  method  presented  in  Appendix  II.  The  following  is 
the  analysis  of  the  resulting  stresses. 
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Figure  106.  Brazing 
Alloy  at 
Tube  End. 


POINT  OF 
BENDING 


Figure  107.  Bending  of  Wall  at 
Tube  End. 


Problem  Analysis 

The  thermal  stresses  In  the  tube  near  the  end  are  calculated  by  the  theory 
of  thin-walled  cylinders  subjected  to  a  rotationally  symmetrical  load. 

This  theory  is  derived  from  "Beams  on  Elastic  Foundation"  which  is  dis¬ 
cussed  further  in  References  2  and  10. 

Accordingly,  the  stresses  in  the  tube  wall  are  calculated  for  a  thin,  long 
section  of  the  tube  wall,  which  is  treated  as  a  beam,  the  remainder  of  the 
tube  forming  the  elastic  foundation.  See  Figure  108,  taken  from 
Reference  2. 


Figure  108.  "Elastic  Foundation”  Method  of  Analysis. 
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If  the  width  of  the  beam  is  made  unity,  the  stiffness  of  the  foundation 
becomes 


(1) 


and  the  stiffness  of  the  beam  becomes 


El 


(2) 


The  differential  equation  for  a  beam  on  elastic  foundation  reads  as  follows 


(3) 


where 

y  =  downward  deflection  of  beam 

K  =  stiffness  of  foundation 

El  =  stiffness  of  beam 

p  =  downward  loading  per  unit  lengtr,  or 
=  pressure  on  tube  outside  per  unit  width 

The  general  solution  of  this  differential  equation  for  the  case  of  p  =  o  is 


fix 

y  =  fT 


|Cj  cos/S 


X  +  C„  sin/S  X  +  e 


■fix 


Cj  cos/? 


X  +  C .  sin/?  X 


(4) 


with  the  notation; 


fi 


4 


K 

4  El 


(5) 


Cj  to  are  arbitrary  constants. 

The  stresses  near  the  tube  end  are  now  obtained  by  superposition  of  the 
deflections  caused  by  a  shear  force  Qq  and  a  moment  at  the  end  and 
the  deflection  due  to  the  temperature  gradient;  the  beam  loading  is  shown 
in  Figure  109. 
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From  Reference  2,  page  154,  we  find  for  a  semi-infinite  beam,  the 


deflection  due  to  Q^: 


e~^^  cos  fix 
0 _ 

K 


and  the  deflection  due  to  from  Reference  2,  page  155: 

y  =  - if - (cos^,  -  sia^^) 

The  deflection  due  to  the  thermal  gradient  is 


v '  “"(a?)* 


The  total  deflection  of  the  beam  is  obtained  by  adding  equations  (6),  (7) 
and  (8): 

y  =  e'^*  cos  fix  -  {cos  fix  -  sin  fix)  +  aR(^)x 


161 


FOR  OFFICIAL  USE  ONLY 


FOR  OFFICIAL  USE  ONLY 


Differentiation  of  Equation  (9)  furnishes 

y’  =  — ^  e  (cos  )9x  +  sin  fix)  +  — cos  fix  +  )  (10) 

Introducing  now  the  boundary  conditions  at  X  =  0,  namely,  no  deflection 
(Y  =  0)  and  no  change  in  angle  (y'  =  0),  the  values  for  Q  and  M  are 
found  to  be  as  follows:  °  ^ 


or  substituting  K  from  Eq. 


and 


-aRK 

2fi^ 

(S) 

(11) 

M  = 

0 

-aRK 

2/9^ 

(^)  ^ 

(12) 

1. 

II 

-aEt  1 
2  ' 

2R^^ 

^  dx  ' 

(13) 

o 

II 

-aET 

2nfi^ 

0.10. 

(14) 

The  total  deflection  at  any  point  x  is  then  determined  by  combining  equa¬ 
tions  (9),  (13),  and  (14). 


-aR  /dT\  -fix  .  o  d/0T\ 

=  3.n^x.R(j^)x  (15) 

Differentiation  of  equation  (15)  and  the  relationships 

Mg  =  Ely"  (16  a) 

and 

Q  =  Ely’"  (16  b) 
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yield,  in  conjunction  with  equations  (2)  and  (5),  the  meridional  moment  and 
the  shear  force  per  unit  length: 


at  E  /dT\ 


cos  yS  X 


(17) 


Q  =  -  (sin^x  +  cos^x)  (18) 


Stresses 

The  forces  and  moments  so  calculated  cause  the  following  stresses  in  the 
beam  element  under  consideration  (width  =  1). 

a)  Meridional  normal  stress 


(19) 


Figure  110.  Meridional  Nor.nial  Stress  Diagram. 
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where  ^  is  a  form  factor  (3/2  for  the  rectangmlar  beam  section 
under  consideration,  Reference  3.  page  96,  and  Q/A  the  average 
siiear  stress  in  the  section). 


Figure  111.  Meridional  Shear  Stress  Diagram. 


c)  Tangential  normal  stress 


(21) 


where  <r  „  is  a  hoop  stress  caused  by  the  term 
n 


^  (^)  e  sin/9  x  =  AR  of  equation  (15) 


H  R  ^ 


(22) 


d)  Tangential  shear  stress 


=  0 


(23) 
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R 


\ 

Figure  112.  Tangential  Normal 
Stress  Diagram. 


TUBE  FAILURE 

Using  the  Mises-Hencky  failure  theory  (maximum  deformation  energy), 
tube  failure  will  occur  where 


reaches  a  maximum. 

When  considering  the  order  of  magnitude  of  the  different  stresses,  is 
by  far  the  largest  stress,  and  it  is  permissible  to  set 

■^fail  " 

Looking  at  equation  (17),  it  becomes  apparent  that  the  maximum  stress 
occurs  at  x  =  0. 

Using  the  following  values  for  calculation, 

a  =  10"^  In./In.-'F 
t  =  3  X  10"^  In. 
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E  =  2.3  X  10^  Lb/In.  ^ 
R  =  6  X  10^  In. 

(dT/dx)  =  6.7  X  10^  °  F/In. 

V  -  0.3 


we  find 


fi  = 


/3(1-  P 
r¥ 


139  In. 


Md  n  =  =  0.0302  In.  Lb/ In. 


6M 

r  .  =  — =  20,  133  Psi  (T, 

max,  X  =  0  ^2  ’  fail 


The  ma-ximum  thermal  stress  thus  occurs  at  the  end  of  the  tube.  Its  order 
of  magnituda  is  below  the  maximum  permissible  working  stress. 

SUSPENSION  STRESSES 


The  original  flexible  suspension  had  a  t'-shaped  cross  section  as  shown  in 
Figure  113  Initial  calculation  of  the  stresses  along  the  straight  sides  of 
this  suspension  indicated  that  the  stresses  due  to  pressure  exceeded  t:ie 
material's  yield  strength  by  an  o.rder  of  magnitude. 

This  result  indicated  that  the  suspension  would  yield,  or  balloon,  as  shown 
in  Figure  114.  This  deformation  by  itself  would  not  be  harmful,  lut  later 
tests  showed  that  the  ballooning  led  to  the  development  of  wrinkles  m  the 
corner,  and  eventually  pinholes  developed  there. 
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Figure  113.  Flexible 
Suspension  as  Installed. 


Figure  114.  Flexible 
Suspe.nsiun  After 
Yielding. 


These  results,  combined  with  problems  in  the  corners  resulting  from 
\  ibration,  led  to  the  design  of  a  suspension  which  was  of  circular  cross 
section  in  the  corner  before  installation.  When  installed,  the  sides  also 
ballooned  permanently,  but  wrinkles  did  not  develop.  The  following  is  an 
analysis  of  a  suspension  with  circular  cross  section.  It  also  applies  to 
the  origmal  suspension  after  ballooning  has  occurred. 

Stresses  in  Suspensio"  With  Circular  Cross  Section 

This  stress  analysis  is  limited  to  the  straight  sides  of  the  module.  The 
stress  concentration  effect  in  the  corners  cannot  be  calculated  accurately, 
buf  is  reduced  by  larger  radii. 

The  toll  r.T  assumptions  are  made: 

1.  The  wall  thick  mss  is  sm.all  compared  to  the  radius  of  the  cross 
section. 

2.  The  deformations  are  elastic. 

3.  A  section  of  unit  width  is  analyzed. 

4.  There  is  no  constraint  from  the  corners  in  the  section  analyzed. 
The  configuration  and  the  designations  are  shown  in  Figure  115. 
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Figure  115,  Suspension  Stress  Analysis  Nomenclature  Diagram. 


Stresses  in  the  suspension  are  caused  by  three  effects: 


1.  Hoop  stresses  due  to  internal  pressure  (Figure  115a) 


a 


H 


(1) 


2.  Bending  stresses  due  to  a  displacement  4x  (Figure  115b) 

3.  Bending  stresses  due  to  a  displacement  4y  (Figure  115C) 


As  can  be  readily  seen  from  Figures (115a)and (115b),  deflections  Ax  and  Ay 
have  basically  the  same  effect,  namely,  a  change  in  the  distance  between 
the  ends;  and,  because  the  length  of  the  neutral  fiber  remains  unchanged 
during  bending,  a  change  in  radius  of  curvature  occurs  such  that 


0R  =  R’  (2) 

The  rotation  of  the  axis  of  symmetry  in  Figure  (11 5c) from  y  to  y'  does  not 
affect  the  bending  moment  in  the  cross  section,  except  in  the  immediate 
vicinity  of  the  point  of  attachment.  The  local  stresses  at  these  points 
depend  to  such  an  extent  on  the  unknown  detail  configuration,  e.  g. ,  size 
and  shape  of  brazed  fillet,  that  a  detailed  analysis  at  this  point  would  be 
meaningless.  It  can  be  further  seenthat  the  effect  of  growth  in  the  direction 
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of  the  tube  axis  (4y)  tends  to  counteract  the  effect  of  a  growth  at  right 
angle  to  the  tube  axis  (Ax)  because: 


b  -  4x  <  b 

2  72  . 

+  Ay  >  b 


(Figure  115b) 
(Figure  115c) 


The  analysis  of  the  bending  stress  is  therefore  limited  to  the  case  of  a 
displacement  Ax  of  Figure  115b. 

Analysis  of  Bending  Stress  Due  to  Displacement  Ax 

For  reason  of  symmetry,  the  analysis  is  performed  on  a  half- section,  as 
shown  in  Figure  116;  and  an  end  force  F  and  an  end  moment  M  are 
applied  at  the  section.  °  ° 


R 


Figure  116.  Suspension  Stress  Analysis 
Nomenclature  Diagram. 


The  linear  deflection  Ax  and  the  angular  deflection  A6  under  the  effect  of 
the  end  force  Fq  and  the  end  moment  Mq  are  now  calculated  by  means  of 
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equations  (3)  through  (9);  by  substituting  the  boundary  conditions,  the 
values  for  Fq  and  M-  are  computed.  With  F  and  known,  the  bending 
moment  and  the  bending  stress  at  any  point  of  the  cross  section  can  be 
calculated.  The  total  stress  in  the  suspension  is  obtained  by  superposition 
of  the  bending  stress  and  the  hoop  stress  of  equation  (1). 

The  deflections  were  calculated  as  follows: 


Linear  deflection 


A  X  caused  by 


moment  M  : 

o 


A 


if  M 

gj  j  Mp  ds  =  y  R(1  -  cosa)  Rda 
0^0 


MoR^ 

'“’‘m  “  “It  ('■  ■  *) 

o 


(3) 


(4) 


Linear  deflection  caused  by  force  F  : 

^  o 


A  F  0 

=  gf  /*  Mp  Mp  ds  =  r  R{1  -  cos  a)  R  (1  -  cos  cy)Rda  (5) 
^o  ^  0  ^  X  ^ 


Ax 


F  R 
o 

F  "  2EI 


(3^-4  sin  <P  +  sin  <P  cos  0) 


(6) 


Angular  deflection  A  6  caused  by  momer*:  M^: 


A  M  f 

=  ^/’MMds  =  -^/Rda 
M  El  y  o  X  El  y 

0  0 


M  R 

o 

El 


0 
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Angular  deflection  Ad  caused  by  force  F^; 


F  ♦ 


AO. 


^  M^ds  =  ^  y  R(1  -  cosa)R  da  (9a) 


0  5  0 


Ad 


F  R 

-^(4>-sin4,) 


(9b) 


Adding  linear  and  angular  deflections,  equations  (4),  (6),  (8)  and  (9b),  and 
introducing  the  boundary  conditions: 


T.Ax  =  -H 

llAd  =  0 


(10a) 

(10b) 


This  yields: 


M  R 


F  R*^ 


gj —  (0  -  sin  0)  +  2gj~  (30  -  4  sin0+ sin0  cos  0)+ H  =  0  (Ua) 


2EI 


M  R0  F  R 

^  (^-  sin  0)=  0 


(11b) 


From  these  two  equations,  we  obtain  the  values  of  the  moment  and  the 
force  Fq.- 


2EIH  0  -  sin  0 

Mq  ””22  2 

R  2  sin  0  -  0sin  0COS  0- 0 


2EIH _ 0  -  sin  0 _ 

3“  2  2 

R  2  sin  0  -  0sin0cos  0- 0 
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From  the  geometrical  relationships  of  Figure  116,  we  derive 


sin(7r  -  0 )  = 

1  -  Sin  (0) 

(13a) 

cos  0  = 

-  \/T-bW 

(13b) 

0  - 

^  -  arcsin(b/R) 

(13c) 

The  stiffness  El  of  the  beam  of  unity  width  calculates  to 

El  -  - 

“  12  (1-.2) 

The  bending  moment  in  any  section  now  becomes: 

M„  =  M  +  F  R  fl  -  cos  a) 

B  o  o  i  / 

and  the  bending  stress  is  given  by 


a ,  max  ^,2 


^  _  EtH  _ sin  0-0  cos  _ 

B  ^  A  *2 

a,  max  R  |1  -  J/  /  2  sin  0-0  sin 0 cos  0-  0 


It  can  be  seen  from  equation  (17)  that  the  bending  stress  reaches  a  first 
maximum  at  the  center  of  the  suspension  and  a  second  maximum  at  the 
poiii  of  attachment. 
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To  determine  which  maximum  is  larger,  let 


°  a=  0 


sin  0-0 


2  2 

2  sin  0-0  sin  0  cos  0-0 


(18a) 


= 

a  =  0 


2  sin 


sin  0-0  cos  0 
0  -  0  sin  0  cos  0  - 


(18b) 


The  two  functions  are  plotted  in  Figure  117  with  b/R  as  abscissa.  We  see 
that  the  maximum  stress  occurs  always  at  the  point  of  attachment. 

The  total  stress  in  the  suspension  is  then 


tot 


IR“  1 


EtH_.  ^ 
- 


(19) 


To  select  a  suitable  geometry,  the  minimum  of  equation  (19)  could  be 
determined  for  given  values  of  H  and  P;  an  approximate  solution  was 
developed  by  expressing  0^  as  follows: 


0^  =  0.295  (3.254)^/^ 


(20) 


Substituting  equation  (20)  in  equation  (19),  differentiating  and  setting  the 
result  equal  to  zero  yields: 


r3 


- ■/ - -  =  0. 295  , - ^ 

(3.254)^''^  (2  +  b/R  In.  3.254)  (1  - 


E  t^  H 


(21) 


This  expression  is  best  solved  graphically,  plotting  X  versus  R  on  log- 
paper  with  b/R  as  parameter,  calculating  the  expression  on  the  right-hand 
side,  and  reading  the  radius  from  the  graph;  the  proper  b/R-curve  from 
which  to  read  the  radius  is  found  by  trial  and  error. 

Execution  of  this  procedure  shows  that  useable  values  of  b/R  always  fall 
in  the  range  of  0.4  to  0.6,  The  effect  of  varying  b/R  in  this  range  is  small, 
and  the  alternate  method  presented  below  becomes  practical  and  yields  the 
desired  result  faster. 
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The  alternate  procedure  is  to  select  a  ratio  b/R,  to  read  from 
Figure  117  and  to  treat  it  as  a  constant  in  subsequent  calculations.  Dif¬ 
ferentiation  of  equation  (19)  and  setting  the  resulting  expression  equal  to 
zero  then  yields: 


r 


(22) 


Sample  Calculation 

The  latter  calculation  is  illustrated  by  the  following: 

We  assur'ie  the  following  values  and  conditions: 

E  = 

V  = 

4T  = 

P  = 

l-A  = 

a  = 

b/R  = 

The  calculation  proceeds  as  follows: 

Thermal  Expansion  of  Module 

The  displacement  H,  due  lo  a  temperature  difference  between  module 
and  frame,  is  shown  in  Figure  118. 


2.3  X  10  Lb/In. 


0.3 


T2  -  Tf  =  500“  F  (see  Figure  117) 


P  .  -  P  =135  Psi 

air  gas 

4.  5  In. 


10’''ln./In.  “F 


0.5 


175 

f  OR  OFFICIAL  USE  ONLY 


FOR  OFFICIAL  USE  ONLY 


GAS 


OF  MODULE 

— i 


Thus, 


Figure  118.  Displacement  Due  to  Nonuniform 
Thermal  Expansion. 


H  =  1/4  a  AT  =  0.5625  x  10  In. 


Value  of  : 

From  Figure  117, 

b/R  =  0.  5  =  0.  53 

Values  for  R  and  t  from  equation  (22): 


R 


opt. 


2  X  2.  3  X  10^^  X  0.  53  X  0.  5625  x  1^  \/^ 

0.91x135  V 


opt. 


=  1037.3  yjt 


(23) 


The  optimum  radius  and  wall  thickness,  t,  are  plotted  in  Figure  11s. 
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I  On.) 


Figure  119.  Optimum  SUspensh  n  Radius 
Versus  Wall  Thickness. 
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We  see  that  selecting  the  radius  at  0.25  inch  tf>  fit  the  existing  hard¬ 
ware  requires  a  wall  thickness  of  0.00375  inch,  which  is  too  thin  for 
manufacturing  reasons.  Selection  of  the  minimum  practical  thickness 
of  0.005  inch  yields  an  optimum  radius  of  0.304  inch. 

The  str  esses  for  this  combination  are  as  follows: 

From  equation  (1)  =  8,208  Psi 

rt 

From  equation  (17)  =  4,077  Psi 

and  =  12,285  Psi 

To  suit  the  existing  hardware,  we  have  to  deviate  from  the  optimum 

and  we  select: 


R  =  0.  250  In. 
t  -  0.  005  In. 

The  stresses,  then,  are  as  follows: 

<7  -  6,  750  Psi 

a  =  6, 028  Psi 

D 

^  =  i2, 778  Psi 
tot. 


Discussion  of  Results 


From  the  results  we  see  that  the  deviation  from  thv  optimum  does  not 
result  in  an  excessive  penalty;  the  effecis  of  deviations  are  largely  can¬ 
celled  by  their  inverse  effect  on  hoop  and  bending  stress. 

If  manufacturing  tol’*rances  are  taken  into  account,  the  stresses  in  the 
projxrsed  circular  suspension  will  be  of  the  order  of  15,000  pounds  per 
square  inch. 

The  stresses  in  the  module  corners  will  lx?  higher,  but  they  are  not  amen¬ 
able  to  a  simple  analysis.  Large  corner  radii  will  minimize  the  stresses 
in  these  areas. 
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APPENDIX  IV 

DATA  REDUCTION  METHODS  FOR  SINGLE-TUBE  TESTS 


The  single-tube  test  rig  is  essentially  a  counterflow  heat  exchanger  with 
the  heat  capacity  of  the  airstream  small  compared  *^0  the  heat  capacity  of 
the  water  stream.  Air  enters  at  T^  j  and  leaves  at  T^  2*  Water  enters 
at  Tw,  1  and  leaves  at  T^y  2-  The  resistance  to  heat  transfer  on  the  water 
side  of  the  tubular  surface  is  negligible  when  compared  to  the  air  side. 

COLBURN  FACTOR,  j 

For  this  configuration,  Reference  1,  page  19,  shows  that  the  effectiveness 
is 


6=1- 


-Ntu 

e 


(1) 


For  the  minimum  heat  capacity  fluid  (air),  the  effectiveness  is  given,  by 


Combining  (1)  and  (2), 


T  .  -  T 

A, 1 

T  -  T 
W,1  W,2 


T  -  T 

^A,2  ,  -Ntu 

- - -  =  1  -  e 


T  -  T 
W,1  A,1 


With  some  rearrangement,  (3)  reduces  to 

^W,l’^A,2  -Ntu 

- - - - —  =  o 

T  -  T 
W.l  A  1 

Taking  natural  logarithms  of  both  sides 


Ntu 


'  W.l  ■  ^A,2' 


(2) 


(3) 


(4) 


(5) 
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The  Ntu  is  defined  as 


Ntu  =T' 


Ah 


Wc 


The  Stanton  number,  Ng^,  is  defined  as 


= 


A  h 
c 


St  WC 


Combining  (5),  (6),  and  (7), 


^st 


f'V  -  T  ' 

V,i  V,i 

■  ^A,2' 


The  Colburn  r-^ctor  is  defined  as 


j  =  ^St  ""Pr 


2/3 


(6) 


(7) 


(8) 


Thus, 


j  =  N 


2/3 


Pr 


T 

‘w,i 

T 

V,1 


REYNOLDS  NUMBER 
The  Reynolds  number  is  defined  as 

"r 

|i,  the  viscosity,  is  evaluated  from  Reference  1,  page  233,  at  the  mean 
air  temperature. 


WD 


H 


^A,l  ■  ^A.2 


M,A 
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FRICTION  FACTOR,  f 


From  Reference  1,  page  33,  for  an  isothermal  pressure  drop  correspond¬ 
ing  to  the  method  by  which  the  data  were  taken, 


4P 


Vj 


+  1 


2.  ,  A  ^ 

A— . 


Rearranging, 


Kc  is  taken  from  Reference  1,  page  93,  at  the  Reynolds  number  and  L/D 
corresponding  to  the  test  condition. 

The  data  reduced  by  these  formulae  are  then  plotted  in  the  form  of  f  and 
j  versus  Nj^. 
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Figure  120.  Heat  Transfer  and  Pressure  Drop  Chararteristics, 
Smooth  Tube,  Flared  Ends. 
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Figure  124.  Hoat  Transfer  and  Pressure  Drop  Charaeteristies, 
1-Cyele  Wavy  Tube. 
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REYNOLDS  NUMBER  N..  X  10 

I' 


Figure  128.  Heat  Transfer  and  Pressure  Drop  Characteristics, 
Surface  Roughened  Tube,  0.021-Diameter 
Particles  in  0.210  E)  Tube. 
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FRICTION  FACTOR 


Figure  129.  Heat  Transfer  and  Pressure  Drop  Characteristics, 
Surface  Roughened  Tube.  Mixed  Sand  Grains  From 
0.  016  to  0.  046  Diameter  ir  0.  210  ID  Tube. 
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RESULTS  OF  BRAZED  FOIL  TESTS  AT  VARIOUS 
BRAZING  TEMPERATURES 
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Type  316L  BtAlnleas  steel,  0.004  In.  thick,  MIL-S-S059A,  annealed 

Specimens  we ‘e  cleaned  15  minutes  In  hot  phosphosillcate  solution,  pickled  15  minutes  in  HF/HNO  ,  cleaned  in  methyl  ethyl  ketone 


TABLE  XV  (Continued) 
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APPENDIX  VI 
BRAZING  INVESTIGATIONS 


Investigations  of  various  brazing  alloys,  temperature  ranges,  and 
erosion -strength  characteristics  were  made  to  determine  the  best  braz¬ 
ing  alloy  for  module  fabrication.  Results  of  the  specific  tests  conducted 
have  been  put  in  table  form:  numbers  XII  through  XV  in  this  appendix. 
The  following  provides  a  brief  description  of  each  test. 


TEST  DESCRIPTION  TABLE 


1)  Determination  of  temperature  variation  upon 
the  erosion  and  flow  characteristics  of  brazed 

foil  specimens  using  eight  various  brazing  alloys.  XV 

2)  Determination  of  erosion  of  tube  clusters  brazed 

with  the  five  most  promising  alloys.  XVI 

3)  Determination  of  braze  strength  and  quality 

of  five  brazing  alloys.  XVII 

4)  Determination  of  braze  shear  strength  at 

room  and  elevated  temperatures  for  four  brazing 

alloys.  XVIII 


TABLE  XVI 

BRAZED  TUBE  CLUSTERS 


Alloy 


ItesuUs 


Palniix)  1  Sound  joint,  no  evident  erosion,  general 

penetration  -  close  to  100  I’el  in  TKK  seeiion. 

E-440  No  erosion,  penetration  about  10  Pet. 


E-i:;: 


lAidenee  of  erosion,  general  penetration  -  100  Pet 
in  TEE  section. 


Palniro  7 


100  Pet  erosion  at  TEE  section,  general  40-00  Pet 
erosion. 


CM- 02 


Voids  in  joint,  slight  erosion,  some  penetration  up 
to  100  Pet  in  some  areas. 
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BRAZE  STRENGTH  TEST 
(Pillow  Tests) 
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TABLE  XVIII 

BRAZED  JOINT  SHEAR  TESTS  ~  MILLER  -  PEASLEE  SPECIMENS 


Brazing 

Alloy 

Specimen 

Test 

Temp. 

CF) 

Ultimate 

Load 

(Lbs) 

Shear 

Strength 

(Psi) 

Hcmark.s 

E  4  10 

A 

Room  temp. 

092 

29, 900 

Braze  failure 

B 

Hoorn  temp. 

7;!4 

29, 900 

Braze  failure 

C 

Hoorn  temp. 

718 

28, 100 

Braze  failure 

D 

1 .  OoO 

200 

8,  200 

Braze  failure 

E 

l,:ir,0 

190 

8,  200 

Braze  failure 

E 

1 ,  IloO 

2:i0 

9,  .'.4(» 

Braze  failure 

G 

1,000 

108 

4.400 

Braze  failure 

II 

1,000 

nr. 

4,070 

Braze  failure 

T 

L 

1,000 

80 

2.480 

Braze  failure 

Palniro  1 

A 

Hoorn  temp. 

1 , 220 

.'.2,010 

Base  metal  failure 

B 

Hoorn  temp. 

1,0  .'>0 

0  1 , 800 

Base  metal  failure 

C 

1 ,  :i.')0 

.-.72 

22, 000 

Base  metal  failure 

D 

1,000 

::oo 

11,490 

Braze  failure 

Palniro  7 

A 

Hoorn  temp. 

1 ,  :!90 

.'.4,090 

Base  metal  failure 

B 

Hoorn  temp. 

1 ,  .->90 

02,  no 

Base  metal  failure 

C 

1 , 0.-)0 

:!48 

14,220* 

Braze  failure 

D 

1,000 

20.'. 

7,770* 

Braze  failure 

Coast 

A 

Hoorn  temp. 

1,220 

48,220 

Braze  failure 

Metals  02 

B 

Hoorn  temp. 

1 , 2  20 

47,070 

Braze  failure 

C 

! ,  O.'iO 

.'.00 

20.  100 

Braze  failure 

D 

1,000 

202 

10. 270 

Braze  failure 

•Porous  brazed  joint 
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APPENDIX  VII 

WAVY-TUBE  .^ORMING  MACHINE 


The  wavy  tubes  are  formed  from  precut  tube  lengths  in  a  fully  automatic 
machine,  shown  in  Figure  130.  The  cut  tubes  are  picked  up,  fed  into  the 
die,  formed,  and  returned  to  the  chute  by  a  series  of  sequenced  move¬ 
ments.  The  sequence  of  movements  is  controlled  by  a  cam -timer, 
operating  pneumatic  valves. 

FORMING  STEPS 


Figure  131  shows  the  machine  with  the  dies  partially  disassembled.  The 
pneumatic  timer  @  is  visible  in  the  upper  right  hand  corner.  The  load- 
ii^  chutes  (T)  are  filled  with  precut  straight  tubes  at  (8).  A  trip  lever 
at  the  feeding  end  of  the  loading  chute  is  actuated  by  a  lever  attached 
to  the  loading  finger  mechanism  @.  The  trip  lever  allows  a  single  tube 
from  each  chute  to  drop  into  position  for  picking  by  the  loading  fingers. 
Two  tubes  at  a  time  are  picked  by  the  loading  finger  mechanism  @  ,  and 
the  finger  mechanism  rotates  downward  until  the  tubes  contact  one  side  of 
the  wave -form  die  (3). 

The  other  half  of  the  wave -form  die  closes  and  forms  the  wave  in  the  tube. 
The  loading  finger  @  allows  the  exposed  ends  of  the  tubes  to  slip  hori¬ 
zontally  and  to  seek  a  neutral  position  while  the  wave  form  is  set.  The 
die  (3)  remains  closed  while  the  ’^uding  fingers  @  proceed  downward  to 
a  position  that  leaves  both  ends  of  the  tubes  in  the  clear,,  The  pneumatic 
cylinders  (J)  move  the  header  die  assemblies  (J)  in  toward  the  exposed 
tube  ends.  The  split  die  @  encloses  the  tube  ends  by  cam  action;  as  the 
cylinder  continues  inward,  the  pilots  on  the  two  top  punches  ^  enter 
the  tubes.  A  cone  shape  behind  the  pilot  tip  of  the  punches  upsets  the 
tube  end  to  thicken  the  material  and  shorten  the  tube  ends.  Tiie  punches 
continue  in  until  the  tube  passes  over  the  cone  shape  onto  the  final  size 
diameter  of  the  punches.  Speed  of  the  header  cylinder  action  (?)  is  con¬ 
trolled  by  an  orifice  located  at  each  cylinder.  The  punch  holders  are 
spring  loaded  to  provide  enough  force  against  the  cylinder  action  to 
coordinate  the  position  of  the  two  headers  and  hold  the  header  dies  (s) 
against  the  wave  dies  during  closure.  This  also  equalizes  the  force  at 
each  end  to  prevent  the  tubes  from  slipping  along  the  axis  of  the  tube  in 
the  wave  die  (^. 

The  header  assemblies  (J)  retract  by  reverse  action  of  the  cylinders  (?). 
A  cam  bar  (not  shown)  below  the  headers  is  actuated  by  a  cylinder -operated 
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lever  and  raises  the  punch  assembly  (s)  up  to  position  the  two  lower 
punches  of  each  header.  The  headers  again  move  in,  and  the  lowe 
punches  and  dies  @  engage  the  tubes  to  form  the  final  rectan^lar  tube 
ends.  The  headers  (?)  are  again  retracted  by  the  cylinders  (^,  and  the 
cam  bar  below  returns  to  the  original  position. 

The  loading  finger  mechanism  rotates  back  up,  engaging  the  formed 
tubes;  and  the  wavy  die  opens,  allowing  the  finger  mechanism  to  pro¬ 
ceed  upward.  When  the  finger  mechanism  reaches  a  point  above  ihc 
discharge  chute  ,  a  tripper  releases  the  tubes  to  drop  into  the  dis¬ 
charge  chute.  The  loading  finger  returns  and  the  cycle  is  repeated. 
Figure  132  shows  the  shape  of  the  die  to  allow  for  springback. 
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1.134  R 


1.134  R 


5:1 1 

I 

Figure  132,  Wavy-Tube  Die  Block. 
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APPENDIX  Vill 

THERMAI.  SHOCK  RIG  SAMPLE  DATA  SHEETS 


Figure  133.  Thermal  Shock  Rig  Instrumentation  Locations. 
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TABLE  XIX 

THERMAL  SHOCK  RIG  DATA  SHEETS 


Run 

No. 

Date 

(1965) 

Time 

Hr-Min 

Test 

Time 

Hr 

Bare 

In  HG 

Mainline 

Temp 

T/C  39 

“F 

6.45 

6/24 

11:30 

1-1/2 

30.  01 

78 

6.45 

6/24 

1:30 

3-1/2 

80 

6.45 

6/24 

2:30 

4-1/2 

29.  99 

81 

8:50  AM 

120  PSI 

6.45 

6/24 

3:30 

5-1/2 

29.  98 

84 

",45 

Initiated  at  8:50  AM 

6. 45 

6/28 

9:15 

5-3/4 

30.  23 

69 

6.45 

6/28 

10:15 

6-3/4 

30.22 

76 

6.45 

6/28 

11:15 

7-3/4 

30.21 

79 

6.45 

Shutdown  at  11:30  AM  6/28/5  8  Hr  Completion 

8:30  AM 

120  PSI 

6.46 

6/30 

9:00 

0 

29.  98 

87 

6.46 

6/30 

10:00 

1 

— 

— 

6.46 

6/30 

11:00 

2 

29.  97 

90 

6.46 

6/30 

1:00 

4 

29.  95 

102 

6.46 

6/30 

2:00 

5 

29.  93 

104 

6.46 

6/30 

3:00 

6 

29.  92 

106 

6.46 

6/30 

4:00 

7 

29.  91 

106 

6.46 

6/30 

5:00 

8 

29.89 

108 

8:20  AM 

120  PSI 

6.47 

7/1 

9:00 

0 

30.  06 

82 

6.47 

7/1 

10:00 

1 

30.  08 

88 

6.47 

7/1 

•11:00 

2 

30.  08 

88 

6.47 

7/1 

1:00 

4 

20.  07 

95 

6.47 

7/1 

2:00 

5 

30.  06 

98 

6.47 

7/1 

3:00 

6 

30.  05 

100 

6.47 

7/1 

4:00 

7 

30.  04 

103 

6.47 

7/1 

5:00 

8 

30.  04 

103 

*  Approx  20  sec  of  elevated  temp  (1650-1700’’)  on  G/S  Control  T/C  No.  OO. 
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AIR  SIDE 


Amb 

Temp 

°F 

VALVE  SETTING 

No.  No.  No. 

5  6  7 

PSI  PSI  PSI 

Inlet 

Pres 

P5 

PSIG 

MODULE 

Control 

Temp  AP 

T/C  35,  36  P7-P5 

“F  2. 965 

AP 

P7-P5 

2.965 

Inlet 

Pres 

Pll 

In  HG 

ORIFIC 

APg 

P11-P12 

InH20 

60 

3.  9 

9.  7 

10.1 

55 

423 

47.  5 

-- 

.61 

None  1 

aken  because 

of  consultation  on  pillow  problem  with  T. 

Wheeler  and  Cell  9  cont 

rol  with  Earl  Reid 

72 

4.0 

9.  5 

10.  0 

54 

426 

63.1 

— 

.60 

— 

71 

4.0 

9.5 

10.  0 

55 

430 

67.2 

-- 

.61 

— 

62 

4.0 

9.2 

10.  1 

55.1 

433 

43.6 

— 

.59 

-- 

63 

3.  9 

9.2 

10.1 

56.2 

434 

54.0 

-- 

.60 

— 

66 

3.9 

9.2 

10.  0 

55.2 

438 

61.5 

.61 

63 

4.8 

10.6 

10.2 

86.0 

580 

31.8 

-- 

1,  05 

— 

... 

4.8 

11.2 

10.1 

84.3 

587 

37.9 

* 

1.29 

— 

69 

4.9 

11.1 

10.1 

85.0 

580 

38.2 

— 

1.29 

— 

74 

4.9 

11. 1 

10.1 

85.0 

580 

36.8 

-- 

1.28 

— 

77 

4.9 

11.2 

10. 1 

84.8 

580 

38.7 

— 

1.28 

— 

79 

4.9 

11.2 

10. 1 

85.2 

580 

39.2 

— 

1.30 

— 

82 

4.9 

11.2 

10. 1 

84.6 

590 

39.0 

— 

1.28 

— 

83 

4.9 

11.2 

10. 1 

83.9 

588 

38.1 

— 

1.25 

— 

62 

5.9 

12.6 

9.  9 

100.2 

675 

43.  0 

-- 

2. 12 

-- 

62 

5.9 

12.  5 

9.9 

99.4 

686 

43. 1 

-- 

2. 12 

— 

64 

5.9 

12.  5 

9.  9 

100.4 

680 

43.2 

— 

2.  14 

— 

72 

5.9 

12.  5 

9.  9 

99.2 

683 

43.  2 

— 

2. 11 

— 

76 

5.9 

12.  5 

9.9 

100.2 

680 

42.9 

— 

2.  12 

79 

6.0 

12.  6 
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TABLE  XIX  (Continued) 
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Date 
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Time 
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17 

18 

19 

20 

2 
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°F 

»F 
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APPENDIX  IX 

FORMULAE  FOR  EXTRAPOLATING  TEST  DATA  TO 

OTHER  FLUID  CONDITIONS  AND  CORE  DIMENSIONS 


Because  performance  testing  was  done  at  fluid  conditions  and  with 
geometries  different  from  those  that  would  match  the  model  engine  cycle 
of  2300  F  and  10:1  pressure  ratio,  it  became  necessary  to  derive  a  set  of 
suitable  correction  formulae.  These  formulae,  simplified  from  standard 
fluid  mechanics  and  heat  transfer  equations,  give  suitably  accurate 
results  for  the  extrapolations  used.  T  is  the  subscript  used  to  denote 
test  conditions,  and  X  denotes  extrapolated  conditions. 

AIR-SIDE  PRESSURE  DROP 


fx  and  f  j.  are  the  friction  factors  based  on  the  Reynolds  numbers  and 
L/D’s  zi  extrapolated  and  test  conditions. 


The  Reynolds  number  is  evaluated  from 

D 


N  =  HG 

R  Tj  L  li 

A  NF 
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EFFECTIVENESS 


Reduction  of  test  data  gives  the  effectiveness  at  test  conditions.  From 
Figure  134  (taken  from  Reference  1,  page  52)  the  number  of  transfer 
units,  Ntu,  can  be  determined.  The  Ntu  can  be  extrapolated  by 


The  extrapolated  effectiveness  can  be  found  at  the  calculated  Ntu  in 
Figure  134.  ^ 

NUMERICAL  EXAMPLE 


TEST  DATA 
(2nd  Straight- 

EXTP-A.POLATED 

Tube  Module) 

CONDITIONS 

No-Flow  Length 

15.85  IN/LB/SEC 

20  IN/LB/SEC 

Gas- Flow  Length 

„  (2.  625  IN  ON 

2.  85  IN/  airside) 

1.70  IN 

Airflow  Length 

3.96  IN 

4.9  IN 

T  Gas  In 

1347  *F  (1807‘’R) 

1316‘’F(177C‘’R) 

T  Air  In 

654  “F 

654  °F 

P  Gas  In 

1 6.  8  psia 

15.2  psia 

P  Air  In 

114. 7  psia 

147. 0  psia 

Number  Passes 

1 

2 

Effectiveness 

56.0% 

I 

1 

Gas-Side  Pressure  Drop 

2.84% 

>  Following 

Air-Side  Pressure  Drop 

1.46% 

1  Calculations 

208 

FOR  OFFICIAL  USE  ONLY 


FOR  OFFICIAL  USE  ONLY 


AIR-SE)E  PRESSURE  DROP 


/2.0\  /4.9\  /2  .  625\^*®^ 
lO/  \4.5/  U.70  / 


/15.85\^*®^  /114.7\^ 
U47.0/ 


GAS-SE)E  PRESSURE  DROP 


WD 


N 


H 


1^  0.  054  Li.  3600  ^  12 
Sec  Hr  Ft 


RG,T 


4.5  15.85  .429  In 


1 

Hr  -  ft 


Nrgt  =  765.  f^  =  .025 
(L/D)^  =  53. 


(L/D)^  =  3i.  5 
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EFFECTIVENESS 
Ntu^  =  1.  5 


Ntu^  =  2.  66 
=  70% 
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